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NEW EXPERIMENTS ON ANOMALOUS OSMOSIS 

Bv KARL SOLLNER and IRVING ABRAMS 
(From the Department of Physiology, University of Minnesota, Minneapolis ) 

(Reeefved for pubhcation, May 1, 1940) 

For several years we have been aware of the fact that the well known 
experiments of Jacques Loeb, 1 Bartell, 1 and others 1 concerning anomalous 
osmosis* through collodion membranes could not be reproduced satisfac- 
torily The effects obtained were usually insi gnifican t or poor at best. 

In connection with new work relating to the general theory* of anomalous 
osmosis it became necessary to clear up this matter, especially since it 
seemed that any clarification might cast considerable light on some basic 
membrane properties 

When an electrolyte diffuses through a membrane from a more concen- 
trated to a more dilute solution, the sign and extent of anomalous osmosis 
are correlated lather dearly* with the dectrolanetic properties (f potential) 
of the membrane and with the dynamic membrane potential (e-potential) 
that ib observed Both of these quantities depend ultimately on the 
dectncal structure of the solid liquid interphase in the pores of the mem- 
brane 

The obvious starting point for any experimental investigation was to 
test different brands of collodion The following preparations were tested 
Parlodion Malhnckrodt, 5 per cent dissolved m 75 per cent alcohol, 25 per 

‘Loeb J,/ Gen Physiol , 1918-19, 1, 717, 1919-20, 2, 173, 255 387,563 577,659, 
673, and many other papers in the aucceedlng volumes of the same Journal. 

1 Bartell F E and Madison O E., / Pkysie Ckem 1920,24,444 Bartell, F E 
and Carpenter DC., / Physic. Chent , 1923, 27, 101 252 346, Bartell, F E., Mem 
brane potentials and their relation to anomalous osmosis, in Mathews, J H , Colloid 
symposium monograph, Department of Chemistry University of Wisconsin Madison, 
1923 1, 120 and many other pubhcations. 

1 Preuner, G , and Roder, O , Z Elektroehem 1923, 29, 54 Girard P Compl rend 
Acad sc , 1908, 148, 927 

* By ano malo us osmosis we mean those phenomena of hquid mass movement which 
occur when electrolyte solutions dialyze through membranes but are unexplainable on 
the basis of the laws of no rm a l osmosis 

* Sollner, K., Z Elektroehem , 1930, 86, 36, 234 Sollner, K. and Grollman, A , Z Eleh 
troehem , 1932, 38, 274, Tr Eledrochem Soe., 1932, 61, 477 487, Sollner, K., Kolloid Z , 
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cent ether, Collodion Merck, U S P X , Collodion Baker, U S P , Collodium 
Schenng-Kahlbaum “pro analysi,” Collodium Schenng-Kahlbaum “fur 
Membranen,” Collodium Schenng-Kahlbaum DAB 6 

When tested with uni-univalent electrolytes, e g KC1, in which we were 
particularly mterested, the first four of these brands of collodion gave no 
significant positive results Schenng-Kahlbaum collodion “fur Mem- 
branen” gave doubtful effects Only Schenng-Kahlbaum D A B 6 
collodion gave decidedly positive results of the order of magnitude de- 
scnbed by Loeb 6 Correspondingly, bi- and tnvalent ions gave only very 
moderate results with membranes of the first four named brands of collo- 
dion Schenng-Kahlbaum “fur Membranen” gave somewhat higher 
values Here too, only membranes prepared from collodium Schenng- 
Kahlbaum D A B 6 yielded results approaching in magnitude those re- 
ported by Loeb 6 

This particular brand of collodion, incidentally, was used by Loeb m his 
experiments nearly twenty years ago Michaeks 7 likewise m his classical 
expenments on the dned collodion membrane used Schenng-Kahlbaum 
D A B 6, as this brand also gave in his hands the most charactenstic and 
reproducible results No satisfactory explanation of the cause of this 
different behavior of the several brands of collodion has been noted m the 
literature Thus additional insight mto the ultimate cause of the peculiar 
behavior of Schenng-Kahlbaum D A B 6 collodion promised to cast addi- 
tional light on the results of Loeb and Michaehs 

On the basis of observations to be reported in detail later, it was con- 
cluded that certam impunties or groups foreign to the pure ideal nitro- 
cellulose were responsible for the “activity” of the actual collodion The 
purer brands show less activity The high efficiency of Schenng-Kahlbaum 
D \ B 6 collodion is due to its high content of groups foreign to pure 
nitrocellulose More specifically, it was concluded that COOH groups, 
due to the presence of pectac substances or to oxidation, cause the relatively 

c Expenments earned out about eight y ears ago with this brand of collodion gave 
decided]} less positne results than our present ones earned out with recently acquired 
Schenng-Kahlbaum D A B 6 collodion 

"Michaehs, L , and Fujita, A , Biochem Z , Berlin, 1925, 158, 28, 1925, 161, 47, 
1925, 164, 23, Michaehs, L, and Dolan, S, Biochem Z , Berlin, 1925, 162, 258, 
Michaehs, L , and Ha\ashi, K., Biochem Z , Berlin, 1926, 173, 411, Michaehs, L , and 
Perlz^eig, \\ A , / Gen Physiol , 1926-27, 10, 575, Michaehs, L , McEllsworth, R., 
and M cech, A A , J Gcr PJysioI , 1926-27, 10, 671 , Michaehs, L , Weech, A A , and 
Yamaton, A., J Gen Plysiol , 1926-27, 10, 685, Michaehs, L , Bull Nal Research 
Co tral, X o 69, 1929, 119, Kclloid-Z , 1933, 62, 2, and other publications 
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great activity characteristic of membranes prepared from this particular 
brand of collodion 

This conclusion immediately suggested a method of increasing the ac 
tmty of collodion membranes by oxidation Following a suggestion of 
Meyer and Sievers,* the membranes were oxidized for several hours with 
NaOBr solution, prepared by saturating normal NaOH with molecular 
bromine The activity of the membranes increases with increasing onda 
tion time. The better brands of collodion withstand 24 hours oxidation 
without damage, whereas the poorer grades leak and cannot be oxidized so 
long We have not yet made a study of the optimum conditions for maxi 
mum activity 

The experimental technique is as follows Collodion bags are cast In 30 X 110 mm, 
test tubes and allowed to dry several minutes the suitable drying time varying con 
siderably with different brands of collodion. Next the bags are filled with water, they 
loosen from the glass spontaneously and are tied to glass rings with thread while still 
filled with water Following this they are kept in covered glass containers under water 
to which thymol has been added as a preservative. The membranes so prepared are 
fitted to rubber stoppers provided with a long capillary tubing (inner diameter about 
1 Vi mm.) Following the suggestion of Loeb,' membranes were selected which, when 
filled with K molar sugar solution and placed in water for 20 minutes, yield an osmotic 
nse of about 120 mm of liquid in the capillary manometer The adjustment of the zero 
reading Is facilitated by a small glass syphon provided with a stopcock, allowing the 
rapid adjustment of the meniscus in the manometer to the proper level corresponding 
to the capillary rise over the outside solution 

The bag chosen for actual use Is filled with solutions of varying (in our experiments 
decreasing) concentrations of first sugar, then KG, K*SOi, and Kj-titrate. The nse 
of the meniscus In the manometer is noted 20 minutes after the bag is placed in water 

In the accompanying figures, the abscissae show molar concentrations 
m the collodion bag on a logarithmic scale, the ordinates the nse m level 
Of the liquid in the manometer after 20 minutes (with the exception of the 
values for Loeb's Kr-atrate curve (Fig 1) which are given after 10 minutes) 

Fig 1 gives for comparison a charactenstic set of curves published by 
Loeb 10 

Fig 2 shows the behavior of a membrane cast from one of the less active 
brands of collodion (Merck V ) This behavior is very charactenstic 
and membranes cast from one particular lot of collodion under the same 
conditions give astonishingly reproducible results when properly selected 

* Meyer, K, H and Sievers, J F ,Bclv Onm.Ada 1936,19,665 

• Loeb J Gen Physiol 1919-20 2, 93 

10 Loeb, J J Gen Pkynol , 1919-20, 2, 564. 
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after the test with sugar (120 mm nse after 20 minutes) The curves given 
in Fig 2 were actually obtained with two membranes, as the first one was 
damaged in the middle of the K 3 -citrate curve Another one was sub- 
stituted giving the same sugar value and satisfactory agreement within a 
few millimeters at several test points of the KC1, K 2 SO 4 , and the unfini shed 
Kj-citrate curves 



Concentration Concentration 


This latter membrane was then oxidized for 24 hours, washed thoroughly, 
and again tested with sugar, KC 1 , K2SO4, and Ka-citrate in the order in- 
dicated The values so obtained with the “activated” membrane are 
given in Fig 3 

The difference between the unoxidized and the oxidized membrane is 
quite str ikin g The activity of the oxidized membrane surpasses by far 
the activity of those used by Loeb 

The differences would be still larger if one measured volumes transferred 
against a zero pressure and not pressure nses with a progressively increasing 
back filtration 

The oxidation method affords a simple and rational means of “activating” 


y*. 
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membranes of otherwise inactive collodion m order to reproduce the Loeb 
experiments on anomalous osmosis In addition it seems to open up a 
rather promising field of membrane research, for example, the comparison 
of membranes with nearly equal permeability for non-electrolytes but 
showing remarkable differences m their behavior towards electrolytes The 
cause for this difference obviously has to be looked for m the great difference 
of the charge densities m the pores of the unondized and the oxidized mem 
branes 


SUMMARY 

1 It is impossible to reproduce Loeb’s observations on anomalous osmosis 
with membranes prepared from relatively pure brands of collodion, whereas 
positive effects can be ob tain ed using collodion containing acidic impurities. 

2 The inactive (purer) collodion membranes may be activated by oxida- 
tion with NaOBr solution 

3 Properly oxidized membranes give much greater anomalous osmotic 
effects than those described by Loeb 




CHEMICAL RESTORATION IN NTTELLA 
IV Effects of Guanidine 
BiW J V OSTERHOUT 

(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, May 20, 1940) 

The irritability 1 * * * * * of NtleJla and likewise its abtkty to distinguish 
electrically between Na + and K + (potassium effect) may be removed by 
leaching with distilled water This apparently dissolves out a group of 
organic substances called for convenience R * 

Since presumably very httle R is present it is not probable that enough 
can be obtained for analysis We may, however, try to learn something 
about its nature by seeking substitutes which resemble it m being able to 
restore irritability and the potassium effect* 

Substances of this sort occur in blood * To a certain extent ammonia 
and some of its compounds can take the place of R.* Guanidine* ha3 a siml 
lar action and some of its effects will be briefly described in this paper 

Cells were kept in distilled water* until they had lost their irritability 
and the potassium effect 7 They were then soaked in guanidine hydro- 
chloride* for various lengths of time and tested for irritability and the 

1 By this is meant the ability to produce propagsted action currents 

* Osterhout, W J V,/ Cm Physiol , 1939-40, 23, 429 

* Osterhout, W J V , J Gen Physiol , 1935-36 19, 423 

* Osterhout, W J V , J Gen Physiol 1934-35, 18, 987 

•Guanidine NH C(NHi)s is a strong base. 

* The cells, after being freed from neighboring cells, stood in the laboratory at 15° ± 
1”C in Solution A (cf Osterhout, W J V , and Hill, S E,f Gen Physiol , 1933-34, 
17, 87) for several days They belonged to Lot B (cf Hill, S E , and Osterhout, W J V, 
Proc Nat Acad Sc , 1938, 24, 312) 

The measurements were made on Ntlella Jlesihs, Ag usmg the technique described 
in former papers (Hill, S E and Osterhout, W J V , J Gen Physiol , 1937-38, 21, 
541) Temperature about 20-26 c C 

There was no indication of injury in these experiments 

7 During the leaching in many cases the potassium effect disappears before the 
im lability and the treatment with guanidine may restore the irritability esrber than 
the potassium effect. 

*NHC(NHi)r HCL 
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potassium effect In many cases both of these were restored by the treat- 
ment -with guanidine In some cases the irritability was restored after If 
seconds m 0 1 m guanidine hydrochloride In other cases a much longei 
treatment was needed, especially when the reagent was applied at lowei 
concentrations (0 01 to 0 0001 m) Much apparently depends on the con- 
dition of the cells 9 which appear to be highly vanable in this respect this 
is also true of the restoration of the potassium effect 10 

During the treatment single peaks persisted for a time but after the 
potassium effect was restored double peaks made their appearance, as 
might be expected m view of what has been stated in previous papers 1] 
We do not know whether guanidine acts like R or is a constituent or 
catalyst of reactions forming R But the rapidity with which guanidine 
produces its effects m some cases suggests that it does not merely cause R 
to come out of the vacuole, as has been suggested in connection with the 
restorative action of certain inorganic salts 12 

It should be noted that the rapid restoration of irritability presumably 
involves penetration of guanidine to the mner protoplasmic surface abut- 
ting on the vacuole The thickness of the protoplasm is less than 10 
microns and may m some places be considerably less, and the penetration 
of an organic substance, such as guanidine, may be rapid 

The fact that double-peaked action curves make their appearance when 
the potassium effect has been restored and the outer protoplasmic surface 
has become sensitive to K + supports the suggestion made in previous 
papers 11 According to this the double peaks depend upon the outward 
movement of K + which sets up a positive p d when it reaches the outer 
protoplasmic surface provided the latter is sensitive to K + When it is 
not sensitive, as m leached cells, we see only a single peak but when it has 
been made sensitive to K + by treatment with guanidine double-peaked ac- 
tion curves make their appearance 

SUMMARY 

Leaching m distilled water may remove irritability and the potassium 
effect in Nilclto but both of these may be restored by appropriate treatment 
with guamdme 

9 Some cells did not respond readily to treatment with guamdme 

10 When the guanidine has not acted sufficiently the potassium effect may be delayed 
(Hill, S E , and Ostcrhout, W J V,7 Gen Physiol , 1938-39, 22, 107) or incomplete 

11 Ostcrhout, W J V , and Hill, S E , J Gen Physiol , 1939-40, 23, 743 
11 Ostcrhout, W J V , and Hill, S E , Proc Nat Acad Sc , 1939, 26, 3 


THE EXPERIMENTAL PRODUCTION OF DOUBLE PEAKS IN 
CHARA ACTION CURVES AND THEIR RELATION TO THE 
MOVEMENT OF POTASSIUM 


By \\ J V OSTERHOUT and S E. HILL 
(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication May 20 1940) 

Chara offers an interesting contrast to Ntlella in the latter the action 
curve has two peaks but in Chara there is only one 

In Ntlella the first peak has been accounted for on the ground 1 * * 4 * * * * 9 that 
when K + , moving outward from the sap, reaches the outer protoplasmic 
surface it sets up a positive P d which makes the action curve fall as soon 
as the first rise (the spike) is completed 1 This fall in the curve occurs 
only when the outer protoplasmic surface is sensitive to K + When it is 
not sensitive to K+ wt find no change of pj> when 0 01 m NaCl m external 
contact with the cell is replaced by 0 01 m KC1 (i c no “potassium effect”) 
We ma> therefore expect only one peak in the action curve This situation 
exists in Ntlella when the outer protoplasmic surface is made insensitive 
to k + by treatment with distilled water J 

In Chara the outer protoplasmic surface* is normally insensitive to k + 
i e shows no potassium effect, and the action curve has only one peak, 
as would be anticipated This is illustrated 1 in Fig 1 

If the outer surface could be made sensitive to K+ we might expect two 
peaks This expectation is realized when the outer surface is made sensi 

1 Osterhout W J V / Gen Ph\stol 1954-35 18,215 

1 The effect of K. in Nxtella and in Chara predominates to such an extent that it alone 
is mentioned m the following discussion 

* Osterhout W J V and Hill S E J Gen Pkvnol 1939^40 23,743 

4 Presumabh the inner protoplasmic surface Is sensitive to K + as in Nitclla and the 
outwardh dtrectcd pd of about 100 mv usualh present when the cell is in pond 
water is presumabh due to the concentration gradient of K + across the inner protoplas 
mic surface 

1 The cells after being freed from neighboring cells stood In the laboratory at 15° ± 

1°C in Solution \ (cf Osterhout V J V and Hill S E / Gtn Physiol 1933-34, 
17, 87) 

The experiments were performed on Chara coronata Zi z (this is an uncortlcated 
Chara with large naked cells like those of Ntlella completely accessible to reagents) 

There was no indication of injury in these experiments 

9 
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tive to K + by guanidine which has been used to produce double peaks m 
leached cells of Nitella 6 



Tic 1 Action curve in a normal 
cell of Cham which shows no 
potassium effect, i c the outer 
protoplasmic surface is not -ensi- 
ti\ e to k* 

I he spot recorded D was m 
contact with 0 001 \i KC1 it was 
connected through the recording 
gnhanometcr with a spot T hilled 
In chloroform and lm mg in conse- 
quence a p d of zero Hence the 
iction cure e l- monophasic 

1 he cell was freed from neigh- 
boring cells and kept for 2 daes in 
Solution \ at la ± 1°C The rec- 
ord was made at 24°C \ertical 
marh~ a second' apart 


The treatment consists in soaking the 
cells for various periods in 0 1 to 0 001 M 
guanidine hydrochloride and then testing 7 
them for the potassium effect and for 
irritabdity 8 

In many cases this treatment produces 
the potassium effect but the time required 
is very variable In some cases less 
than 4 minutes in 0 01 M guanidine hydro- 
chloride 9 sufficed in other cases a much 
longer exposure was necessary, especially 
at lower concentrations (0 01 to 0 001 m) 
The potassium effect is usually less than 
in Nitella 

Prior to the application of guanidine we 
find only rounded single peaks (as seen 
in Fig 1) and no potassium effect Guan- 
idine cannot only bring about a potassium 
effect but, along with this, double peaks 
appear, such as are seen 10 in Figs 2 to 4 

During this process single peaks may 
persist for a longer or shorter time at cer- 
tain places 11 This may be due to the 
fact that the potassium effect is not fully 
developed at these places It appears 
to depend on a group of organic sub- 
stances, called for convenience R When 
but little R is present in the outer proto- 
plasmic surface the outwardly moving K + 


f O-terhout \\ J \ r Call Plnsiol 1940-41,24,7 

’Ihi. cell- wen te-ted for potassium elTcct and irntabihta before the treatment 
1 he pota-Mum effect wa- dwa\- absent as a rule irritabiliU was present 

' B\ tin- i- meant the abihte to gi\e propagated action currents when stimulated 
electricalh 

0 HC1 

11 Curee- of tin- feirm are found in \ ilclla both m untreated cells and in leached 
Cell- treated \ ith \ariou- re--torati\ c agents 

11 1 he re ma\ e\en be -e>me fluctuation in the form of the curve at the same spot 
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may not produce much positive potential and thus there will be no sudden 
change in the curve Moreover the guanidine, penetrating into the aqueous 
layer of the protoplasm, may tend to act like NaCl in favoring single peaks, u 


or may promote protoplasmic motion 
and thus make the moving boundary 
of K+ less sharp, as discussed in a 
previous paper 4 this would tend to 
promote single peaks 
The experiments indicate that the 
movement of potassium is as important 
in determining the shape of the action 
cum as in Ntlclla 1 1 The outnardh 
directed 11 (positi\c M ) pd normally 
present in Cliara is presumably due 
chiefly to the outwardl) directed con 
centration gradient of K + ncross the 
inner protoplasmic surface When an 
action current occurs this surface pre 
suraably becomes more permeable 
The concentration gradient then dis- 
appears and with it the positive r n 
This causes the rise in the action 
curve (spike) Then K + is earned 
back into the sap by the forces which 
normally cause such movement 11 in 
the resting state of the cell This 
produces recovery 1 * and the curve falls 
When the outer protoplasmic sur 
face has been made sensitive to K+ 
by treatment with guanidine we ob 
serve an additional feature, » e on 
reaching the outer protoplasmic sur 
face K+ sets up more or less positive 


H 



Fig 2 Action curve of a cell of 
C hara treated with 0 01 11 guanidine 
h>drochlondc for 14 minutes (the po- 
tassium effect was produced by this 
treatment hcncc the outer surface was 
sensitive to K + ) 

The curve falls below the original 
level and then nscs at the end this is 
often found in Cliara 

The spot recorded D was m con 
tact with 0 01 m guanidine hydrochlo- 
ride and was connected through the 
galvanometer to a spot G in contact 
with 0 05 u KC1 which kept the pj) 
constant appronmatcU at zero In 
consequence the action curve is mon 
ophasic 

The cell was freed from neighboring 
cells and kept for 21 days in Solution A 
at 15 =fc 1 C The record was made 
at 23 C Vertical marks 5 seconds 
apart 


18 Hill, S E and Osterhout W J V J Gen Physiol 1938-39 22, 91 
11 This Is about 100 mv when the cell is in contact with pond water 
14 The p s> is called positive when the positive current tends to flow from the sap 
across the protoplasm to the external solution 

u Osterhout W J V / Gat Physiol 1932-33 16, 157 
This is usuall> more rapid m Chara than In Nxtella 
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p D This may be sufficient to cause a drop m the curve, as in Figs 2 to 4 
Or it may merely halt the course of recovery and so delay the fall of the 
curve 

-As KT penetrates the outer protoplasmic surface and its concentration 
gradient across this surface decreases the positive p d wall fall off 



Fig 3 Fig 4 


Tic 3 Action cur\e of a cell of Chara treated with 0 01 m guanidine hydrochloride 
for 7 minutes and 46 seconds (the potassium effect was produced bv this treatment 
hence the outer surface was sensitne to K + ) 

I he 'pot recorded E was in contact with 0 01 w guanidine hydrochloride and was 
connected through the gahanometer to a spot G in contact with 0 01 m KC1 which 
lept the pd constant approximately at zero In consequence the action curve is 
monophasic 

The cell wa« freed from neighboring cells and kept for 11 dais in Solution A at 15 ± 
1 C The record was made at 2UC A crtical marks 5 seconds apart 

Tic 4 \ction curee of a cell of Chara treated with 0 01 M guanidine hydrochloride 
for 7 minute' and 46 seconds (the potassium effect was produced be this treatment 
hence the outer surface was sensitne to K~) 

The *pot recorded, E was in contact with 0 01 si guanidine he drochloride and yvas 
connected through the gahanometer to a spot G in contact with 0 01 si KC1 which 
kept the I’D constant approximately at zero In consequence the action curve is 
monophasic 

The cell was freed from neighboring cells and kept for 11 dass in Solution A at 15 ± 
!~C I he record was made at 23 C C A crtical marks 5 seconds apart 

\s the magnitude of this positixe p d wall depend chiefly on the concen- 
tration gradient ol K~ across the outer protoplasmic surface it wall be 
affected by a x anets of factors The greatest concentration gradient 
wall be found when K _ tray els outward from the sap in the form of a moving 
boundary - Am thing which tends to disturb this, such as protoplasmic 
motion will lessen the concentration gradient across the outer protoplasmic 
'Uriacc and consequently the positixe p D 
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The higher the concentration of K + in the aqueous layer of the proto- 
plasm before stimulation the less will be the effect on the pm of the out- 
wardly moving K + 

The p.d will also depend on the sensitivity of the outer surface to K + 
and this in turn will depend on a variety of factors It is not known how 
the guanidine acts to sensitize the surface It might act like certain organic 
substances (R) responsible for the potassium effect Or it might be a 
constituent or a catalyst of the reactions by which such substances are 
formed Their concentration m the outer protoplasmic surface might fluc- 
tuate as the result of diffusion and chemical change 

SUMMARY 

The action curve m Chora seems to depend (as in Ntldla) on the outward 
movement of K + from the sap 

Presumably the increase in permeability m the inner protoplasmic sin- 
face and the outward movement of K + destroy the concentration gradient 
of K + across the inner protoplasmic surface Hence the outwardly directed 
p D disappears, causing the nse (spike) of the action curve 

The outer protoplasmic surface is normally insensitive to K + But 
when it is made sensitive to IC + by treatment with guanidine the outwardly 
moving K+ sets up a positive p.d on reaching the outer surface and this 
causes the action curve to fall, producing a peak. Then the curve has 2 
peaks, the second being due to the process of recovery 

The action curve thus comes to resemble that of Ntldla in which the 
outer protoplasmic surface is normally sensitive to K. + 
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CRYSTALLINE RIBONUCLEASE 

By U. KUNITZ 

( From the Laboratories of The RochefeUer Institute for Medical Research, 
Princeton, Nem Jersey) 

(Received for publication, June 3, 1940) 

The presence in pancreas of a heat stable enzyme capable of digesting 
yeast nudeic acid was described by W Jones m 1920 (1) He found that 
the digestion was not accompanied by any liberation of free phosphoric 
acid Jones’ observations were recently confirmed by Dubos (2) Dubos 
and Thompson (3) earned out a partial purification of the enzyme by means 
of acetone, and named the enzyme “ribonudease ” Schmidt and Levenc 
(4) considered the name "ribonudeodepolymerase” to be more appropnate 
for the enzyme since they considered that the enzyme had only a depoly- 
menzmg effect on yeast nudeic acid without the production of mononudeo- 
tides 

This paper desenbes the method of preparation as well as some of the 
properties of a crystalline protein recently isolated by the wnter (5) from 
beef pancreas which acts as a powerful digestive enzyme on yeast nudeic 
acid The enzymatic activity of the isolated crystalline protein appears 
to correspond to the nudease activity descnbed by the authors mentioned 
before The name “ribonudease” has been provisionally retamed for 
the new crystalline enzyme until definite information becomes available 
concerning the chemical structure of the split products of digestion of yeast 
nudeic acid by this enzyme 

Crystalline ribonudease is a soluble protein of albumin type Its 
molecular weight is about 15,000 It contains very little, if any, phos- 
phorus It yields on hydrolysis tyrosine but not tryptophane Crystalline 
ribonudease is very stable over a wide range of pH The activity is only 
very slowly diminished irreversibly when the protein is heated at 100°C 
at pH 2 0 Heating at pH 5 0 or higher brings about a gradual denature 
tion of the protein with a corresponding percentage loss of enzymatic 
activity 

The digestion of yeast nudeic acid by ribonudease is accompanied by a 
gradual formation of free acid groups without any significant liberation 
of free phosphoric acid The split products, unlike the undigested yeast 
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nucleic aad, are not precipitable by glacial acetic acid or by 0 5 m hydro- 
chloric acid The products of digestion readily diffuse through collodion 
or cellophane membranes that are impermeable to the undigested yeast 
nucleic aad Crystalline nbonuclease does not appear to exert any signif- 
icant digestive action on thymus nucleic aad 

Dr IL J Dubos kindly tested the eSect of the nen crystalline material on the staining 
characteristics of two strains of pneumococcus (heat killed) He found “that their 
staining characteristics are altered after a few hours incubation,” like the material 
which he descnbed, the new crystalline protein “decreases the affinity of the bacterial 
cells for basic d> es” (personal communication from Dr Dubos) 

EXPERIMENTAL 

I Method of Isolation of Crystalline Ribonuclease 

The method of isolation consists essentially in separating the proteins 
of an aad extract of fresh beef pancreas by means of fractional preapitation 
with ammonium sulfate The bulk of the nbonuclease protem is found in 
that fraction which is soluble in 06 saturated ammonium sulfate and in- 
soluble m 0 8 saturated ammonium sulfate solution The details of the 
method are as follows 

1 Preliminary Treatment — Beef pancreas (about 20 pounds) is removed from the 
animals lmmediatel} after slaughter and immersed at once in enough ice cold 0 25 N 
sulfuric acid to co\ er the glands It can then be stored at 5°C for a day or so, or worked 
up lmmcdiatch The pancreas is removed from the acid, cleaned of fat and connective 
tissue, and then minced m a meat chopper The minced pancreas is suspended in an 
equal i olumc of cold 0 25 N sulfunc acid and is stored at about 5°C for 18-24 hours 
It is then strained through cheese cloth The strained fluid is brought to 0 6 saturation 
of ammonium sulfate b\ dissolving 390 gm of salt m each hter of strained fluid The 
mixture is filtered through 50 cm fluted filter paper (No 612 Eaton and Dikeman Co , 
Mt Holl\ Springs, Pa , or No 1450H Schleicher and Schtill) The clear filtrate (0 6 F) 
is used for the preparation of nbonuclease while the residue on the paper (0 6 P) can be 
used for the isolation of chymotrvpsmogen, trypsmogen, trypsin, and trypsin inhibitor 
compound 1 

The dear filtrate (0 6 F) is brought with solid ammonium sulfate to 0 8 saturation 
(140 gm per liter of filtrate) and the precipitate formed is allowed to settle for 2 days 
m the cold room The settling is greatlj facilitated by occasional stirring and removal 
of foam dunng the first da\ of standing The dear supernatant fluid is siphoned off and 
rejected, vhile the remaining suspension is filtered with suction through hardened paper, 
\ eM about 30 gm 

Z Isc’c'ter of Riboi iclcase Crystals — Each 10 gm of the semi-dry precipitate is 

1 The pmcip tate (0 6 P) is scraped off the filter paper and suspended m about 3 
\eVnes of rate- Tne procedure for further treatment is the same as descnbed by 
K-"ita a-ffi Northrop for the treatment of the onginal aad extract of fresh beef pancreas 
m he pmpa-at on of chvmotrvpsinogen etc (6) 
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dissolved in 50 mL distilled water the pH of the solution is adjusted by means of a few 
drops of 5 N sodium hydroxide to pH 4 8, and then 50 ml of saturated ammonium sulfate 
is added with stimng 3 The solution is filtered with suction through soft paper with 
the aid of about 1 gm of Filter Cel * The dear filtrate is brought to pH 4 2 (tested 
with raeth\l orange) b> means of a few drops of 1 n sulfunc acid and then 66 ml satu 
rated ammonium sulfate is added per 100 ml of filtrate. The saturated ammonium 
sulfate is added slowlj with stimng The precipitate formed is filtered with suction 
through hardened paper, yidd about 8 gm Each 10 gm of final filter cake is dissolved 



Fio 1 Crystals of nbonudease. X 248 and 190 


in 10 mL of water and a refiltered with suction through soft paper on a small Bflehner 
funnel with the aid of 0 5 gm Filter Cel. The residue is washed several times with 2-3 
mL water The combined filtrate and washings are made up with water to a volume 
of 20 ml and 7 mL saturated ammonium sulfate is added with stirring The dear 
solution is left at 20-25 C. Crystals of nbonudease in the form of thin long plates or 
fine needles gradually appear (Fig 1) The crystals arc filtered after 2 or 3 days yield 

3 The pH is determined approximate^ bj m ixin g on a test plate 1 drop of 0 01 per 
cent neutralized methyl red (or any other indicator depending on the pH range) with 
1 drop of the solution and the color is compared with the color of 1 drop standard buffer 
solution mixed with the indicator on the plate 

* Supplied by Johns- Manvflle Corporation New York. 
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1-2 gm More saturated ammonium sulfate is added to the filtrate until a slight tur- 
bidita is formed A second crop of crystals appears after several days, yield 2-4 gm 

3 Alternate Method of Isolation of Ribonucleasc Crystals — The following method, 
described in the preliminary publication, is somewhat simpler m operation but it yields 
fewer cn stals The 0 25 n acid extract of the minced pancreas is brought to 0 7 satura- 
tion with solid ammonium sulfate and filtered The filtrate is then brought to 0 8 
saturation with more ammonium sulfate and is refiltered with suction 

Crystallization — 10 gm of the semi-drv precipitate is dissolved in about 10 ml of 
water The solution is filtered with the aid of about 0 5 gm of Filter-Cel through soft 
filter paper on a small Buchner funnel, the residue on the paper is washed with w-ater 
The combined filtrate and washings are brought to a final volume of 20 ml Saturated 
ammonium sulfate is then added slowlv with stirring untd a very faint turbidity appears 
Hie pH of the solution is adjusted first to about pH 5 0 with the aid of a few drops of 
1 0 \ sodium he droxide and then to pH 4 2 by means of 1 0 n sulfuric acid The solu- 
tion is allowed to stand at about 20°C An amorphous precipitate rapidly forms This 
changes within 1 or 2 dajs into a mass of fine needles or aggregates of long thin plates 
The cn stals are filtered after 2 or 3 days The filtrate on further addition of saturated 
ammonium sulfate a lelds more cn stals 

4 Rccr\stalhzalion —Each 10 gm of semi-drv filter cake of crystals is dissolved in 
20 ml of water This solution is filtered with suction through soft paper with the aid of 
1 gm of Filter-Cel The residue is washed wath water The combined filtrate and 
wadung^ arc made up to 30 ml with water 10 ml saturated ammonium sulfate is 
added Rapid cn stalhzation takes place at 20-25°C The crystals are filtered off 
after 1 or 2 da\s, \ icld about 5 gm The filtrate on further addition of saturated am- 
monium «ulfate gives more cn stals, vield about 2 gm 

i Rccr\stalhzation m llcohol — Ribonuclease is readilv recrvstalhzablc in dilute 
alcohol The material has to be quite pure, however, and salt free The procedure for 
crystallization from alcohol is as follows Ribonuclease is first rccrystalhzed twice by 
mean® of ammonium «ulfatc as described in the preceding section 10 gm of the crystal 
cake from the final crystallization is dissohed in 15 ml of water and is dialyzed in a 
collodion bag for 24 hour* against cold distilled water b\ the method of Kunitz and 
Simrm (7) The diahzcd solution is made up with water to 50 ml , is cooled to about 
5"C , and then 00 ml 95 per cent alcohol of the same temperature is added with stirring 
\ licaw amorphous precipitate is formed which on standing in the cold room changes 
within 'L\cral hour- into a ma«s of fine fan shaped rosettes (Fig 2) of rectangular or 
needle shaped cra-tals The era stals arc filtered with suction after 2 days, and washed 
-cacral times with cold 95 per cent alcohol The\ are dried for 24-48 hours in a desicca- 
tor o\ er calcium chloride and then in the room for about 24 hours The dry pow T der can 
be -tored in a cool place mdcfinitch , a lcld is about 3 gm of dry crystals 

II Digestion of Yeast Xuclcic Acid, by Crystalline Ribonucleasc 

\ddition of cr\ stalline ribonuclease to a solution of yeast nucleic acid 
under appropriate pH and temperature conditions brings about a gradual 
splitting of the nucleic acid molecules into smaller components This is 
-how n In an increase in the diflusibility of the nucleic acid The splitting 
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of the molecules of yeast nucleic aad by the new enzyme is accompanied by 
formation of titratablc aad groups without the liberation of free phosphoric 
aad 


1 Dijfuston though Collodion or Cellophane Membranes — The striking 
difference in the diffusibihtv through cellophane between digested and 
undigested yeast nucleic aad 
is shown in Table I The 
split products of digestion 
diffuse rcadtl} through mem 
branes which arc practically 
impermeable to the undi 
gested aad Similar results 
were obtained with collodion 
membranes 

2 Dijfuston Measure 
meats — An approximate esti 
mate of the relative molec 
ular size of the split products 
as compared with the size of 
the undigested yeast nucleic 
aad is conveniently obtained 
by measuring the diffusion 
coeffiaent of the material 
The method of Northrop and 
Anson (8) has been employed 
for this purpose 

Experimental Procedure — 50 

ml 6.5 per cent \east nucleic acid 
in 0 1 u sodium acetate pH 6 0 and 
containing 10 mg of crystalline 
nbonudease was left for several 
days at 5°C until the maximum amount of digestion was reached. This solution and 
also a similar solution of nucleic aad but free of nbonudease were then used for the 
diffusion experiment The matenals were allowed to diffuse into 20 ml 0 1 u sodium 
acetate of pH 6 0 which was changed daily and analyzed for total phosphorus content 
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The results are shown graphically in Fig 3 The data for the diffusion 
coeffiaent at 5°C of the digested as well as of the undigested yeast nucleic 
aad were plotted ag ains t the percentage of the material in the diffusion cell 
permitted to diffuse into the aqueous solvent The graphs show that the 
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diffusion coefficient of the digested nucleic acid is practically constant until 
50 per cent of the material has diffused and is numerically twee as great 
as the diffusion coefficient of the undigested acid 4 If the assumption is 
made that the molecules of undigested acid, as well as of the split products, 
are spherically shaped, then the corresponding molecular volumes are 
approximately m the ratio of 8 1 The gradual decrease in the diffusion 
coefficient of the digested nucleic acid shows that the molecules of the split 
products are not all of the same size The decrease may be due also to 
remnants of undigested nucleic acid 

TABLE I 

Diffusion through Cellophane 

Inside the cellophane bag About 20 ml 10 per cent yeast nucleic acid in 02 m 
borate buffer pH 7 0 and containing 7 mg of nbonuclease Control -without enztme 
Outside the bag 30 ml of same buffer solution without nucleic acid 
Left at 20°C Samples anal\ zed for total phosphorus concentration 



Control without enzyme 

Digestion mixture 


a 

b 

a 

b 

' 

Outside solution 

After 2 5 hrs 
-Yfter 24 hrs 

Inside solution 

After 24 hrs 

Total phe 

Trace 

0 059 

0 59 

>sphorus inside or 

mi phosphi 

0 0083 

0 089 

0 69 

lginally about 0 i 

i rus per ml 

0 166 

0 37 

0 32 

r mg /ml 

0 167 

0 24 

0 33 


3 Effect of Digestion on Precipitation with Glacial Acetic Acid — Un- 
digested yeast nucleic acid is insoluble in concentrated acetic acid or in 
dilute h} drochlonc or sulfunc acid, hence addition of these acids to a 
solution of yeast nucleic acid brings about complete precipitation of the 
nucleic acid The effect of digestion of yeast nucleic acid by crystalline 
nbonuclease is to prevent the precipitation by acetic or other acids This 
effect is \ery striking m the case of dilute solutions of yeast nucleic acid 
Concentrated solutions of digested nucleic acid continue, however, to 
gne precipitates when mixed with the precipitating reagents even after 
long digestion with an excess of enzyme A quantitative study show's that 
the undigested matenal which is still precipitable amounts to 10-15 per 
cent of the total nucleic acid in solution This may be due to the presence 
of some modified nucleic acid which cannot be attacked by the enzyme 

’ Similar results were obtained bt Dr H S Lonng Personal communication 



I0' 2 mg soluble phosphorus formed per mL 
(corrected for control) 
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(a) Effect of Concentration of Enzyme — Tubes containing 0 5 ml 2 per 
cent yeast nucleic acid in 0 1 m borate buffer pH 8 0 and 0 5 ml of vanous 
concentrations of nbonuclease m water were placed in a water bath of 25°C 
for 10 minutes 10 ml of glacial acetic acid was then added to each tube, 
mixed thoroughly, and filtered after 5 minutes through No 42 Whatman 
paper The total phosphorus per milliliter of filtrate was measured and 
designated as “soluble phosphorus ” The results are given m Table II 
which shows that addition even of one part of nbonuclease to 2,000 parts 
of substrate causes formation of soluble phosphorus in 10 minutes at 25°C , 
equal to 73 per cent of the total phosphorus in the substrate The ulti- 
mate extent of digestion even m the presence of a large excess of enzyme is 
87 per cent 

iff) Effect of Temperature — The optimum temperature for the rate of 
digestion as measured by the rate of formation of soluble phosphorus is 


TABLE n 

Digestion of 1 Per Cent Yeast Nucleic Acid by Crystalline Ribonuclease at 25°C 
Total phosphorus equals 0 75 mg per ml digestion mixture 


Mg ribonuclease per mL digestion mixture 

0 

0005 

0 05 

05 

50 

Mg “soluble phosphorus” formed in 10 
min per ml 

Per cent 

0 118 

16 

0 545 

73 

0 605 

81 

0 630 

84 

0 650 

87 


65°C as shown in Fig 4 The rapid decline in the rate of digestion at 
temperatures above 65°C is probably due to the inactivation of the enzyme 

Experimental Procedure — Tubes containing 1 ml yeast nucleic acid (0 5 mg total 
phosphorus per milliliter) in 0 1 u acetate buffer pH 5 0 were placed for 3 minutes m 
water baths of vanous temperatures, then mixed with 1 ml nbonuclease solution in 
water of 25°C The digestion mixtures were left for 10 minutes at the vanous tempera- 
tures The digestion was stopped by addition of 2 ml uranium acetate reagent (see 
Methods) Control tubes containing mixtures of 1 ml yeast nucleic acid and 1 ml 
water were treated in the same manner as the digestion mixtures 

( c ) Effect of pH — Fig 5 shows that nbonuclease acts best in the range 
of pH 7 0-8 2, the optimum being at pH 7 7 

Experimental Procedure — 1 ml yeast nucleic acid (0 5 mg total phosphorus per 
millili ter) mOli borate buffer of vanous pH plus 1 mL nbonuclease, 0 0013 mg per 
ml , m water Final pH measured by means of a glass electrode Digested 10 mmutes 
at 25°C , then 2 ml uranium acetate reagent added 







X , ' 
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(d) Kinetics of the Reaction — The digestion of yeast nucleic acid by 
crystalline nbonuclease when measured by the rate of formation of soluble 
phosphorus follows the course of a typical enzymatic reaction 



Experimental Procedure — 10 ml yeast nucleic acid (0 5 mg total phosphorus per 
milliliter) mOla acetate buffer pH 5 0 plus 5 ml nbonuclease in water Left at 25°C 
Samples of 1 mb plus lml 1m hydrochlonc acid, centrifuged after 10 mmutes Total 
phosphorus in supernatant measured 

Fig 6 shows the effect of two different concentrations of nbonuclease 
on the rate of digestion The time required for any amount of digestion 
is inversely proportional to the concentration of enzyme in solution while 
the ultimate amount of digestion is mdependent of the amount of enzyme 
used 


A mathematical analysis of the kinetics of the process is complicated by 
the fact that the enzymatic action is always accompanied by a significant 
amount of spontaneous hydrolysis of the substrate 

4 Formation of Free Acu} — The digestion of yeast nucleic aad by crystal- 
line ribonudease is accompanied by a gradual formation of titratable aad 
groups The rate of formation of free aad is much slower than the rate 
of formation of soluble phosphorus as shown m Fig 7 The ultimate 
amount of gram atoms of free aad formed is about one half of the ultimate 
amount of gram atoms of phosphorus non preapitable in concentrated 
acetic aad 

Experimental Procedure .— 100 mh 1 per cent yeast nucleic add m 0 1 u acetate buffer 
pH 6 0 plus 2 mL 0 1 per cent ribonudease (or 2 mL water in control) Left at 5 D C. 
Samples of 1 mL were mired with 10 mL gladal acetic aad for measurement of soluble 
phosphorus. At the same time samples of S mL were pipetted Into SO mL centrifuge 
tubes and titrated with 0 02 u sodium hydroxide to a definite plnlc color using 0 5 mL 
0 1 per cent phenolphthalein os an indicator 

III Properties of Crystalline Ribonudease 

1 Chemical and Physical Properties — Table IH contains data for the 
dementary analysis and for other chemical and physical properties of 
ribonudease The material is a protein with a molecular weight of about 
15,000 

2 Stability — An aqueous solution of crystalline ribonudease is quite 
stable over a wide range of pH when kept at temperatures below 25 CI C 
Hearing to higher temperatures causes gradual loss m enzymatic activity 
The rate of inactivation vanes, however, with the pH of the solution 
The effect of hearing solutions of ribonudease at 100°C is shown 
in Table IV It is evident that ribonudease is more stable in acid than in 
neutral or alkaline solutions The region of maximum stability ib between 
pH 2 0 and 4.5, as shown in Fig 8 

Experimental Procedure . — Tubes containing 1 mL 0 01 per cent ribonudease In water 
adjusted with add or alkali to venous pH (measured by a glass dectrode) were kept In 
boiling water The tuba were removed from the boding water at various tlma, plunged 
for 1 minute in ice water, and left at room temperature for 30 minutes The cooled 
solutions were then adjusted by means of aad or alkali to pH 4 0 for activity meas- 
urements 

3 Change m Enzymatic Activity with Decrease m Native Protein — 

(o) Pepsin Digestion of Ribonudease — Crystalline ribonudease is readily 

digestible by pepsin m aad solution 
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(6) Denaluratum by Beat — The gradual inactivation of nbonuclease 
when heated at 100°C is accompanied by gradual denaturation of the 
protein The rate of denaturation can be measured by the change *n the 
solubility of the protein m ammonium sulfate solution 

TABLE IV 



pH 


Fio 8 Effect of pH on stability of ribonuclease at 100 C 

Experimented Procedure — A senes of tubes each containing 4 ml. 0.2 per cent ribonu 
cl ease in 0 02 u acetate buffer pH 5 8 was placed m bo fling water The tubes were 
removed at vanous intervals of time, cooled rapidly under running cold water and 
allowed to stand at 20 G for 5 minutes. Samples of 1 ml. of the cooled solutions were 
diluted with 0 01 u acetate buffer pH 4.0 for activity measurement while samples of 2 
mL of the cooled solutions were mixed with 4 mL of saturated ammonium sulfate for the 
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Fig 10 Solubility of three tunes crystallized nbonuclease in 0 6 saturated ammonium 
sulfate pH 4 0 m the presence of mcreasmg quantities of solid phase 


TABLE V 

Denaturahon of Crystalline Ribonuclease at 100°C 


Tune at 100’C. 

Activity 

Native protein 

min. 

per cent 

per cent 

0 

100 

100 

5 

86 

83 

10 

78 

77 

20 

63 

61 

30 

52 

48 
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determination of the amount of denatured protein formed. The unheated sample of 
ribonndeese did not show any trace of precipitate In the ammonium sulfate mixture 
while the mixtures of the heated samples with 2 volumes of saturated ammonium sulfate 
solution gave nse to precipitates of denatured protein The amount of precipitate 
formed Increased with the time of heating of the sample at 100°C. 

The ammonium sulfate mixtures were allowed to stand 5 minutes at 25°C. and then 
filtered through small No 42 Whatman filter paper The concentration of native pro- 
tein In the filtrates was determined by precipitation m 10 per cent trichloracetic acid. 

The results are given in Table V The experiment shows that the macti 
vation of ribonudease at 100°C is accompanied by a corresponding propor- 
tional loss in the concentration of native protein in the ribonudease solution 
(c) Inactivation by Alkali — When ribonudease is exposed to the action 
of alkali of pH 12 or higher it gradually loses its enzymatic activity The 
loss in activity is also accompanied by a change of the native protein into 
denatured protein which, like the denatured protein produced by heat. Is 
insoluble in 0 66 saturated ammonium sulfate Experiments showed 
repeatedly that the rate of inactivation by alkali is proportional to the rate 
of change of the native protein into denatured protein 
It is thus evident that changes brought about in the protein molecule 
by various agents such as heat, alkali, or pepsin, are reflected in every 
case by a corresponding change in the enzymatic activity of the molecule 
This suggests that the enzymatic activity is directly related to the protein 
molecule. 


IV Tests of Punly of Crystalline Ribonudease 

1 Repealed Crystallization — Crystalline ribonudease becomes relatively 
pure after two or three crystallizations and It retains through further 
repeated crystallization a constant activity per unit dry weight. 

Z Fractional Crystallisation — The material after purification by two or 
three recrystalhzations does not show any difference in the properties of 
the various crops of crystals obtained through fractional crystallization in 
various concentrations of ammonium sulfate The specific activity of the 
first small crop of crystals does not differ from the specific activity of the 
succeeding crops and even from the specific activity of the last small amount 
of material left in solution in the mother liquor 

3 Solubility Test —The theory as well as the technique of the solubility 
test for the punty of a protein has been described elsewhere (13) Measure- 
ments were made here of the solubility of crystalline ribonudease m 0 6 
saturated amm onium sulfate pH 4 0 in the presence of increasing amounts 
of crystals of ribonudease in suspension 
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Experimental Procedure — The material used had been recrystalhzcd three times and 
then washed several times at 20°C with 0 6 saturated ammonium sulfate made up in 
0 04 M acetate buffer pH 4 0 until the solubility of the crystals m the solvent became 
constant Increasing amounts of a concentrated suspension of the crystals in 0 6 
saturated ammonium sulfate pH 4 0 were made up in Lusteroid tubes 6 of about 20 ml 
capacity, each provided with a Pyrex glass bead, to about 20 ml with the same solvent 
The tubes were stoppered with one-hole rubber stoppers and then plugged with short 
glass rods so as to remove all the air from the tubes The suspensions were rocked for 
24 hours and then centrifuged in an angular centrifuge 0 for 20 minutes at 3500 spm 
All operations, including the centrifuging, were done m a constant temperature room of 
20°C ± 0 5° Samples of the total suspensions as well as of the clear supernatant 
solutions were analyzed for activity and protem nitrogen 

The results are shown in Fig 10 The sohd hnes represent the theoretical 
solubility curve of a pure substance The experimental points fall on the 
theoretical hnes except for one or two points This indicates the possible 
presence of a small amount of impurities m the material used The 
analytical data for the concentration of protem mtrogen were used The 
same result would be obtained if the activity data were used for plotting 
the curve smee the ratio of activity to protem mtrogen was found to be 
practically constant in all cases 

4 Electrophoresis Test — Ribonuclease after several recrystalhzations 
does not show the presence of impurities differing m mobility from the bulk 
of material when tested by electrophoresis (12) 

Methods 

1 Estimation of Ribonuclease Activity —Ribonuclease activity is expressed m terms 
of the rate with which the enzyme changes purified yeast nucleic acid into a form no 
longer precipitable either by acetic acid, by hydrochloric acid, or by a solution of uranium 
salt in trichloracetic acid The last reagent, first suggested by MacFadyen (14), was 
found to give more reproducible results than acetic or hydrochloric acids In general 
the measurements were confined to the initial stage of digestion where the effect is 
nearly proportional to the concentration of enzyme used The rate of digestion is 
determined quantitatively by adding the precipita ting agent to samples of the digestion 
mixture, filtering off the precipitate formed, and finally analyzing the filtrate for total 
phosphorus 

(a) Precipitation by Uranium Acetate m Trichloracetic Acid — Yeast nucleic acid is 
precipitable from solution when mixed with an equal volume of 0 25 per cent uranium 
acetate m 2 5 per cent trichloracetic acid The amount of precipitate is, however, 
decreased as the nucleic acid is digested by ribonuclease until it reaches a minimum of 
about 60 per cent m completely digested nucleic acid 

Experimental Procedure — 1 ml of a solution of yeast nucleic acid (purified as de- 

6 Lusteroid Container Company, South Orange, New Jersey 

6 ALtiebolaget Wmkel Centrifuge, type S P , Stockholm, Sweden 
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scribed liter) in 0 1 u acetate buffer pH 5 0 and containing 0.5 mg total phosphorus Is 
mixed with 1 mL of ribonudease solution containing from 0 001 to 0 01 mg protein 
nitrogen m 0 01 it acetate buffer pH 4 0 The mixture is left for 10 minutes at 25 9 C. 
2 mb of uranium acetate is then added from a pipette, thoroughly mixed, left for 30 
minutes at 25°C , and filtered through 7 am No 42 Whatman filter paper 2 mL of 
filtrate, which a equivalent to 1 mL of the original digestion mixture, is analyzed for 
total phosphorus content This is designated as soluble phosphorus. The ribonudease 
activity unit [N U ] is defined as the activity which gives nse under these standard 
conditions to the formation of 1 X 10”* mg soluble phosphorus per mfllfliter of digestion 
mixture In a range of concentrations of enzyme where the amount of soluble phosphorus 
formed is proportional to the concentration of enzyme used. For convenience a standard 
curve is plotted, soluble phosphorus vs [NU] from data obtained by measuring the 
activity of a senes of dilutions of ribonudease of a known enzyme content The activity 
of any unknown solution of ribonudease can then be determined from a single measure 
ment by means of the standard curve It was found generally that pure nbonudease 
contains about 1000 [N U ] pier mg protein nitrogen. This value vanes considerably, 
however, with the sample of yeast nudeic aad used. The method for the measurement 
of activity was found also to be very sensitive to slight changes m pH of the substrate, 
as well as to the age of the solution Hence, fresh solutions of nucleic add have to be 
used and the pH carefully adjusted In order to obtain more or less reproducible results 

( b ) Precipitation by Glacial Acetic or Hydrochloric Acid — The procedure is the same 
as described in (a) except that 20 mL of glacial acetic add or 2 mL 1 0 11 -hydrochlonc 
aad Instead of 2 mL of uranium acetate reagent is added for the precipitation and the 
suspensions filtered after standing 5-10 minutes instead of 30 minutes. 

The predpitation by acetic aad or by hydrochlonc aad was found to be affected 
greatly by the presence of traces of ammonium sulfate and, in general, is less reproducible 
than the predpitation by the uranium acetate reagent. 

2 Purified Yeast Nudeic Acid — Commercial preparations of yeast nudeic add were 
punfied by repreapitation with glacial acetic add. 

Experimental Procedure —A suspension of 100 gm commercial yeast nudeic add in 
500 mL water was cooled in an ice water bath to about 2 C. 5 N sodium hydroxide was 
then added slowly until a dear solution was obtained Care was taken to keep the 
solution cold and the pH not in excess of 6 0, as tested colorimetncaDy on a test plate. 
The volume of the solution was measured, 5 volumes of glacial acetic add added, and 
the whole allowed to stand at 20-25 C. for 10 minutes The predpitate formed was then 
filtered with suction on a large funnel, washed twice with about 100 mL of water, and 
three times with 95 per cent aloohoL The dry precipitate about 80 gm., was resus- 
pended in 400 mi water and treated as m the first predpitation. The final precipitate 
was washed with water, alcohol, and finally with ether, and dried in the air to constant 
weight Final yield about 60 gm 

3 Total Phosphorus — The colorimetric method of Fiske and SubbaRow (15) as 
modified by King (16) has been used 

4 Protein Nitrogen —The ribonudease protein was precipitated In 10 per cent trichlor 
acetic aad. The amount of protein nitrogen was determined either by the turbidity 
method (17) or by the Kjeldahl nitrogen method (18) 

The writer was assisted by Margaret R McDonald and Vivian Kaufman 
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SUMMARY 

1 A crystalline enzyme capable of digesting yeast nucleic acid has been 
isolated from fresh beef pancreas 

2 The enzyme called “nbonuclease” is a soluble protein of albumin type 
Its molecular weight is about 15,000 Its isoelectric point is m the region 
of pH 8 0 

3 Ribonuclease splits yeast nucleic acid into fragments small enough to 
diffuse readily through collodion or cellophane membranes 

4 The split products of digestion, unlike the undigested yeast nucleic 
acid, are not precipitable with glacial acetic acid or dilute hydrochloric acid 

5 The digestion of yeast nucleic acid is accompamed by a gradual forma- 
tion of free acid groups without any significant liberation of free phosphoric 
acid 

6 Ribonuclease is stable over a wide range of pH even when heated for a 
short time at 100°C Its maximum stability is in the range of pH 2 0 to 4 5 

7 Denaturation of the protein of ribonuclease by heat or alkali, or diges- 
tion of the protem by pepsin, causes a corresponding percentage loss m the 
enzymatic activity of the material 
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THE EFFECT OF OXIDANTS AND REDUCTANTS UPON THE 
BIOELECTRIC POTENTIAL OF NITELLA* 

Br L. R. BLINKS ifflttj PICKETT 
( From the School of Biological Sciences, Stanford University) 

(Received for publication, May 20, 1940) 

The surface of the living cell has so many unexplored properties, and is 
capable of responding electrically to so many changes in the environment 
(both lomc and otherwise), that it seemed desirable to test Its response to 
oxidizing and reducing agents This is especially significant, since it has 
been shown by many workers 1- * that bioelectric potentials are influenced 
by oxygen tension (as well as by metabolic agents of other sorts) , as a result, 
some theories 7 * have emphasized the relationship, or even the identity, 
of oxidation reduction potentials with bioelectric potentials. 

Oxidants and reductants have therefore been apphed directly to several 
algal cells well adapted to bioelectric measurement The results with 
Netclla are presented here 

Material and Method 

The Californian Nitella clavala has been employed. Ntlello has certain advantages 
for these studies, it can be exposed to low aalt concentrations, (even to distilled water), 
as compared to marine plants such as Valoma and Hohcyitis, so that the full effect of 
oxidants or reductants can be observed, without possible interference by high salt 

* Aided by a giant from The Rockefeller F emulation, and by time assignments from 
the National Youth Administration It is a pleasure to acknowledge the aid and ad 
vice of Mr R. K. Skow in connection with these measurements 
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concentration (masking by strictly lomc effects, salting out of dyes, etc ) Buffering, 
which will be seen below as important, is also a simpler problem than in sea water, 
where calcium and magnesium tend to precipitate out m some buffers The state of 
the cell can at all times be tested without changing solutions, by applying a sufficient 
voltage to initiate an action current And the cells have been found remarkably unin- 
fluenced by low oxygen tensions (m contrast to Haltcyshs , 9 and even to Valonta), so 

that highly reducing conditions can be main- 
Nltella cell tap 'water tamed without complications due to the lack 

of oxygen itself 

On the other hand, with the external con- 
tacts employed, there is perhaps a little less 
certainty that the end of the cell immersed in 
the given oxidizing or reducmg solution attains 
qmte the conditions desired, since diffusion, 
and active protoplasmic streaming, may tend 
partly to equalize conditions at the two ends 
An impalement technique, with the entire cell 
immersed m the given solution, is of some ad- 
vantage here, and has been employed in the 
Fig 1 Arrangement for holding case of the other plants In view, however, 
Nitella cell, m cleft of agar block, the of the considerable length of cell immersed m 
lower end dipping into the expenmen- the given solution, and the lack of any visible 
tal solutions, which are changed by coloring along the cell when reduced dyes are 
lowering and replacing the vial KC1- apphed to it, it is believed that this is not a 
i agar bndges (the upper not shown) senous difficulty 

lead to calomel electrodes A gold The actual arrangement employed is shown 
electrode was also sometimes inserted m Fig 1 An mtemodal cell of 5 cm or more 
in the vial to measure the oxidation- m length by 1 mm diameter, was separated 
reduction potential of the solution, from adjacent cells some days before, and kept 
and a fine tube led in hydrogen to re- m pond water until used One end was then 
duce dye solutions (with platinized mounted m a cleft of a soft agar block well 
asbestos as catalyst), or air to re-oxi- soaked m pond water, and the lower end lm- 
dize them The entire apparatus was mersed for about 2 cm in a vial of the de- 
covered with a bell jar, and a nearly sired solution KCl-agar bndges made contact 
saturated atmosphere maintained to with distant calomel electrodes Not shown m 
prevent drying of celL Fig 1 are a fine tube for bubbling air or hy- 

drogen, immersed in the vial, and in some cases 
a gold electrode for determining the oxidation-reduction potential of the solution 
Usually the latter was determined immediately before or after application to the cell 
The entire apparatus as shown, as well as the calomel electrodes, was covered between 
manipulations with a glass bell jar, within which a nearly saturated atmosphere was 
maintained to prevent drying of the cell 

Electrical measurement was by compensation with a potentiometer, usmg as null 
instrument a vacuum tube electrometer to draw no appreciable current A stimulat- 
ing potential (100 to 500 mv ) could be apphed from the potentiometer by momentarily 
shunting the electrometer, and then opening it immediately to follow the course of the 
action potential and its transmission down the cell Only cells which gave a charac- 
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tenstic stimulation response were considered bs normal. Tha usually p 
all the treatments here reported, disappearing only after long exposure 
toxic solutions (* g , safranm) Another teat usually made after applying 
reductants was exposure to NaCl or KG of two concentrations, to s « 
response to these stHl occurred- As shown in several of the figures, It v 
tained, even when, as usual, little or no response had been given 
reductants. 

In addition, visual tests of condition such as appearance of pkstids 
streaming, and turgid! ty of the cell were made to assure healthy cells th 
general, the treatments, except with hydrosulfite as a reducing agent, wen 
over the periods of exposure 

Usually the observed pjd was close to aero, because with both ends of 
the equal and opposite potentials at each end cancelled each other W 
rj> , the sign is that of the solution at the end under treatment (lower end < 
as measured in the electrometer circuit That is, when the lower soluti 
a positive current tends to flow outward across the protoplasm at tha 
the measuring instrument This is the usual convention in bioelectric ; 
but it should be noted that It is the opposite to that used in oxidation n 
surements, where the sign is that of the measuring dedrvde not that of ! 
contact with it Thus if the NxUlla cell acted like a gold electrode, (whi 
In these experiments), it would tend to become positive m oxidizing solo 
the outer solution, and hence the bioelectric potential, more negative, 
with reducing solutions. 

Room temperatures from 20 to 25° usually prevailed- Values in light i 
not appreciably different either with the cells or with electrodes, but br 
avoided. 

The Ei values given for the several solutions were observed at a gold, i 
platinum electrode, (against a saturated calomel electrode, but corrected 
hydrogen electrode bv the customary factor, +0.245 v ) They are In f 
with the published E* values 10 11 for the substances concerned, but any i 
of no significance for the purpose in hand as they are probably due to im; 
affect the fully oxidized or reduced substances as here used, much more 
cent mixture of oxidant and reductant 

Several different oxidation reduction systems were employed, of which 1 
here ranged from ferri cyanide, with £* >- +0 454 v to reduced safranl 
— 0.2S8 v , — a range of 0.740 v Intermediate between these were ascorbic 
ascorbic tad ortho-chlorophenol mdophenol (oxidized and reduced) , i 
sulfonate (oxidized and reduced) Meat of these were employed aro 
although a few were mote concentrated, as indicated in the figures. The e 
is questionable in the case of the dyes, because of unknown impurities i 
Insoluble fractions, etc), but is not important because the identical soluth 
employed In both its on dried and reduced state, being reduced b> hydro 
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" Mkheelu, L., Oxidatione Reduktioos-PotmtWe, Johui Springer, 
11 Hewitt, L. F , Oxidation reduction potentiab in beetenology and 
London County Council, London 4th edition, 1937 
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dered platinized asbestos as catalyst, and reoxidized by air, often without removing the 
solution from contact with the celL 

A trace of the customary dye, 2-6 dichlorophenol-indophenol, was always added 
to the solutions of ascorbic acid or ascorbate, to indicate its state of reduction, and 
to serve as mediator at the electrode (possibly also at the cell surface) to aid elec- 
trometric measurement with this sluggish system 

All these solutions established definite and steady potentials at the gold electrode, 
returning to it after polarization, indicating adequate poising for the electrode, and 
presumably for the cell, although it is admitted that oxidation or reduction at the cell 
surface might occur, throwing off the value somewhat Ho v. ever, the p D values with 
the cell were not appreciably different vhen the solutions were stirred (by bubbling with 
air or hydrogen) or remained quiet, indicating no great reaction at the surface 

One important precaution which had to be observed was adequate buffering of the 
solutions It was found that without this buffering, rather prominent, but transient, 
changes of p.d occurred on going from an oxidant to a reductant, and especially on 
aerating a reduced solution, although the p d later returned to its original level (See 
Fig 7 ) These cusps disappeared, however, when the solutions were made up m dilute 
phosphate buffer, (usually 0 01 m), at pH 7 0 Evidently the changes of acidity accom- 
panying oxidation or reduction of a dye, etc , were affecting the cell, rather than the 
change of Eh as such, which, of course, still changes on oxidation or reduction in the 
presence of buffers — mdeed the more reproducibly and stably Smce buffering is a 
standard practice in measurements with electrodes, this but further emphasizes the 
difference between the latter and the cell surface 

A related precaution, and one which is also largely obviated by using buffers, 
concerns the number of corresponding K or Na ions, etc , associated with an oxidized 
< or reduced anion An example is shown below m the case of fem- and ferrocyamdes, 

where three and four K ions are respectively involved in a given molarity These m 
themselves cause a change of p v m Nilella (though not at an electrode), which has to 
be corrected by using a 4 to 3 ratio of molanty in the two cases The effect can also 
be corrected by adding 1/3 the concentration of KC1 to the femeyamde solution. 
Where dyes were employed, the buffers were sufficiently more concentrated so that this 
valence effect was less significant 

EXPERIMENTAL RESULTS 

The effects produced by potassium ferro- and femeyarude are shown m 
Fig 2 It might be thought that these salts would be toxic, but the cyanide 
is already in an iron complex, and no injurious effect seems to occur (Nor 
is any trace of the salt detected m the vacuole after several hours exposure, 
usmg the very delicate fem- and ferro-ion color tests This agrees with 
the apparently low ionic mobility of the ferro- and femcyanides, as noted 
below ) 

A prompt shift of some 80 mv is first seen on changing from pond water 
to 0 005 M K( ferrocyamde, but this may be attributed to the mcrease of 
K ion concentration, smce KC1 of the equivalent K concentration (0 02 m), 
main tain s the same pd when substituted later A similar explanation 
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accounts for the change of p m when 0 005 it K> femcyanide is substituted 
for the 0 005 ir fcrrocyamdc, the r.D becomes less negative, but is re- 
stored to essentially the same value when the concentration is increased to 
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Fia 2 Effect on P.n of applying potassium ferro- an d fa-ricyanlde to HiteOa cell 
as compared vrith KCI of equivalent K concentration There is an initial positive r.D 
of tome 40 mv between the two ends of the cell, when both are in pond water On 
appbcntion of 0 005 it K, ferrocyanide to the lower end, the PJO shifts by 80 mv , to 
40 mv negative. Changing to 0 005 u Kj ferricyanidc drives the r o less negative by 
tome 15 mv , but this is due to the decreased K concentration when the latter is cor 
rented by using 0 0066 u K, femcyanide, the r J> is essentially the same as In ferrocy 
anide, although the £» values of the two are 150 mv apart. Substitution of 0 02 u 
KCI also maintains the same p.d Restoration of pond water (P W ) restores the »J> 
toward its ongtnal value (not always immediately reached after K exposures) 

The sign of the pj) is that of the lower experimentally changed solution, a positive 
pj> tends to produce positive current outward across the protoplasm toward this 
solution, and thence toward the electrometer Figures in parentheses (fra values in 
volts) represent the oxidation reduction potential of the solutions, as measured at a 
gold electrode in contact with them. Arrowi show time of changing solutions. 

AH solutions (except the pond water) were made up in 0 01 u Na phosphate buffer, 
at pH 7 0 


0.0066 u, bringing the K ion concentration to 0 02 N (The higher activity 
coefficient of femcyanide u may also influence the effect ) 

It should be pointed out that this small correction for the K ion concen 
tration produces no significant shift in the £, values of either ferro- or 
femcyanide Furthermore, the bioelectric difference between equal mo- 
larities of the two salts is m the opposite direction to their effect upon an 
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electrode, ferricyamde makes the electrode more positive, while it make 
the cell more negative (or the outer solution more positive, in the bioclectn 
convention) 

In general, when the K concentration is kept constant by makinj 



Time minutes' 


similar adjustments of the tota 
concentrations of salts, then all I 
salts give much the same pd 
(F ig 3), whether they are fern- o: 
ferrocyamde, chloride, sulfate, etc 
Evidently the anion is a matter o 
little importance, being so slightlj 
mobile in all cases that the catior 
determines the pd In line witl 
this, Na fern- and ferrocyamde; 
give less p d change than the E 
salts for a given concentration 
which agrees with the lower mo- 
bility of the Na ion, while the 
oxidation-reduction potential oi 
Na salts is of course essentiallj 1 
the same as that of K salts 


Fig 3 Similar effects of K ferro- and 
femcyamdes,and of KC1, when the K. ion 
concentration is adjusted to be the same in 
each case (here K «=■ 0 015 m) The large 
change of p d on replacing pond water with 
0 005 m K3 femeyamde, is scarcely altered 
on changing to 0 00375 11 K4 ferrocyamde, 
nor from that to 0 015 m KC1 (All these 
solutions made up in 001 m Na phosphate 
buffer at pH 7 0) The original value is 
nearly regamed on restoration of pond 
water (twice renewed to wash away traces 
of KC1) 

Designations as in Fig 2 


A similar indifference to the state 
of oxidation, here of a natural 
plant product, ascorbic acid (vita- 
min C, cevitamic acid Merck) is 
seen m Fig 4 Here 0 005 M ascor- 
bic acid, neutralized just before 
with NaOH, and buffered with 
phosphate buffer at pH 7, estab- 
lishes essentially the same pd on 
the cell as the buffer itself, or the 
ascorbate well oxidized by long air 
bubbling or exposure to H 2 O 2 As 
is well known, only the ascorbic 


acid establishes a stable potential at the gold electrode, the more oxi- 


dized forms, c g , dehydroascorbic acid being poorly reversible 12 The latter 


must therefore be regarded as furnishing indifferent 10 ns, comparable to 


12 Borsooh, H , Davenport, H W , Jeffreys, CEP, and Warner, R. C , J Biol 
Chcm , 1937, H7, 237 King, C G , in Cold Spring Harbor symposia on quantitative 
biology, Cold Spring Harbor, Long Island Biological Association, 1939, 7, 137 
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chlonde or sulfate, etc., valuable here chiefly to maintain an equivalent 
ion concentration, their more positive potential being due to impurities 
(iron, etc.) But the well poised, reducing ascorbate ion evidently has 




Time minutes 

Fm 4. Effect of normal (reduced) and oxidized Na-ascorbate of the name concen 
tration (0 005 u), made up in 001 u Na phosphate buffer at pH 7 The l’JD Is first 
shown with the lower end of the cell in contact with the buffer alone, then the reduced 
ascorbate Is added, with a small shift of P.B Thu is scarcely altered when the oil 
dized form is substituted, nor on repedtion of these two exposures. On the contrary, 
when the buffer a replaced by 001 ll Nad, and this In turn by 0.001 u Nad, large 
changes of pm are produced 

The reduced ascorbate was mide by neutrsliiing ascorbic add (vitamin C, cevitamic 
a ad, Merck) with N*OH. Half the sample was then oxidized with HiOs, the latter 
boiled off, and reneutrahred with NaOH. The oxidized sample probably was a mixture 
of the several oxidation products of ascorbic acid, but did not reduce 2-6 dlchlor-phenol 
mdophenol, a trace of which was present to indicate the sute of reduction. The £. 
values given were observed at a gold electrode, the poising of the oxldired form probably 
being due to impunUea and the dye. 

no more electrical eflect upon the cell than have these indifferent, unpoised 
ondixed product!, although their apparent, or effective £» lies over 200 
mv apart. 

Turning now to dyes for more reducing systems, NtleUa displays the 
same indifference to oxidized and reduced ortho-chloro-phenol mdophenol, 
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Fig 5 Effect of ortho-chloro-phenol-radophenol, oxidized and reduced forms, 
used Yi saturated (approximately 0 001 m) in 0 005 ir Na phosphate buffer at pH 7 0 
There is no very significant difference when either of these forms is applied, compared 
to the buffer alone, in which the p n is also somewhat unstable This is despite the dif- 
ference of 615 mv in the E\ of the oxidized and reduced forms (the latter reduced by 
bubbling hydrogen, with powdered, platinized asbestos as the catalyst, suspended in 
solution) On the other hand there is a good response to substitution of 0 001 ir NaCl 



Time minutes 

Fig 6 Effects of 0 001 u mdigo-disulfonate, in oxidized and reduced form, on the 
pjd of Nildla The dye, dissolved m 0 01 u Na phosphate buffer at pH 7 0, was ap- 
plied at the first arrow, making the pjj about 30 mv more negative than m pond water, 
because of the more concentrated salts present The leuco-form (reduced by hydrogen 
plus platinized asbestos) was then apphed, with no significant change, despite the 475 
mv shift m oxidation-reduction potential Nor was there a change on re-oxidation (by 
aeration) Two test stimulations, (marked S) gave good responses (not shown) and 
slightly decreased the pj> 

In contrast, large changes of p D occurred on restoring pond water (P W ), and on 
changing from 0 01 ii NaCl (about equivalent to pond water here) to 0 001 n NaCl 
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dissolved m phosphate buffer, and used in the oxidized, colored form, as 
well as the reduced, leuco-form. Aside from initial cusps (which frequently 
occur with N della on any change of solution, probably due to varying length 
of the cell exposed to solution, etc ) the pm 13 within a few millrvolts with 
each form, although the Ei as measured on the gold electrode was +0.345 v 
for the oxidised, and — 0 270 v for the reduced form. (Traces of impurities 
may have poised this reduced dye at the low value found, the El being 
accepted as +0 233 v at pH 7 ) Neither is it essentially different with 
the plain buffer, although a certain amount of drifting is evident m all 
these solutions m Fig 5 Compare, however, the much larger pm change 
produced on going from 0 005 it phosphate buffer, to 0 001 m Nad, at the 
end of Fig 5, showing the usual large ionic concentration effect 

Similar indifference to on oxidized and reduced dye is shown in Fig 6 
for indigo-disulfonate (in phosphate buffer) Here the p.d is almost 
Identical when the El is changed from +0 335 v to —0 140 v by reducing 
the dye with hydrogen plus platinized asbestos, or on re-oxidizing it with 
air On the other hand a good ionic concentration effect is agam obtained 
on tenfold dilution of NaCI, and the cell stimulates normally at the 2 
points marked S 

The most negative dye employed, safranm-O, is also the most tone 
for NtleUa cells, staining their walls heavily, and eventually rendering them 
soft and impossible to stimulate However, over short periods, and even 
up to an hour or more, it produces little effect upon the bioelectric potential, 
whether m the ondized or the leuco-form Fig 7 shows an example, not 
with the usual buffer, but in pond water and distilled water, showing es- 
pecially with the latter the cusp that is frequently found on aerating an 
unbuffered leuco-dye. However, the earlier ondations and reductions, 
whether of 0 0001 or 0 001 u saframn, produce very small effects compared 
to the ionic concentration effect on tenfold dilution of NaCI 

Finally, a mtxturc of two dyes was employed, one rather negative, one 
positive in El to obtain somewhat better poising at extreme oxidation and 
reduction This consisted of equal concentrations of saframn and n-chloro- 
phcnol mdophenol m phosphate buffer The bioelectric potentialchanged 
by less than 5 mv when this mixture was reduced, and the direction of the 
change was in the opposite direction to that expected at a gold electrode, 
the solution becoming more negative instead of more positive with respect 
to the cell (Fig 8) The entire change may have been fortuitous, a small 
amount of drifting pm often being found with NtleUa On re-oxidation 
of the same solution (by aeration) there was essentially no change of pm 
despite a total El change of 643 mv On the other hand substitution of 
three different concentrations of NaCI gave good concentration potential 
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Fig 7 Effects of saframn-O, reduced and oxidized, on p d of Nitclla In this case 
the dye was dissolved, not in the customary phosphate buffer, but m cither pond water 
or distilled H 2 O On changing from pond water (P W ) at the start, to reduced safranm 
(0 0001 m) m pond water there is a slight cusp but no further change, nor is there on 
oxidation by air The concentration is then increased to 0 001 m, and except for irregu- 
larities, much the same pb is maintained, as it also is on aeration On the contrary 
there is a much greater change on substitution of 0 01 M and 0 001 M NaCl 

0 001 m saframn, dissolved in distilled water is then applied, first reduced, then oxi- 
dized (by air) The large cusp occurring at the latter change is characteristic in dis- 
tilled water, but is usually missmg in buffered solutions It is probably due to acidity 
changes, see text Several stimulations were given at points marked S, with mono- 
phasic or diphasic action currents resulting (not shown) and indicating a normal condi. 
tion of the cell 
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Fig 8 Effect of mixture of saframn and o-chloro-phenol-indophenol on p D of Nitclla 
The dyes, each about 0 0005 11, were dissolved in 0 01 m Na phosphate buffer at pH 7, 
and were employed to give better poising at both oxidized and reduced ranges than the 
single dyes There is again almost a complete mdependence of the p.d on the degree of 
oxidation or reduction, despite a 663 mv difference of E h On the contrary, good PJ> 
changes accompany the dilution of NaCl, at the end of the record 
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changes Indeed, here, as throughout the experiments, NtUlla proves 
itself a much better K. or Na “electrode” than it does a gold or platinum one 

DISCUSSION 

It is to be concluded that the outer surface of Ntltlla does not act like 
an indifferent electrode, of platinum or of gold, etc., to give manifest po- 
tentials by reversible electron donation or acceptance with the several 
oxidation reduction systems here employed a Whether other substances, 
more “natural” or biological m character might be more effective, due to some 
specificity of enzymes or mediators in the cell surface, is not yet evident 
But the question could be answered by this type of direct experiment 
and will be attempted with other substances, as available Some of these, 
such as cytochrome, the yellow enzyme, etc., could probably not reach the 
outer surface of a plant cell because the cellulose wall would hold back the 
protein ‘hearer” But they can be perfused in the vacuole, and such 
experiments will be reported on Haltcyslts, where m general much the 
same indifference has been found to the substances here used Compkca 
tions occur in both Eahcystu and Valoma caused by changes due to low 
oxygen tension as such,' 14 quite independently of a low oxidation reduction 
potential m the medium, but technically impossible to prevent with the 
more reducing substances This makes the answer more restricted, but 
it may be said that, under the conditions set by this characteristic, namely 
a cell surface definitely altered to strictly ionic effects, there is again an 
indifference to the degree of oxidation or reduction of a given substance, 
within a fairly wide £» range 

There are, however, certain changes in these other cells produced by the 
more oxidizing agents, which might on first glance be taken for an electrode- 
like response, but which seem referable to an indirect effect of the oxidant, 
possibly via an increased acidity This will be reported elsewhere It 
would indeed be surprising if the cell surface, often assumed to be lipoid, 
and possibly unsaturated was not altered by strongly oxidizing or reducing 
substances. But most of these he outside the range here reported, and 
that generally prevailing in cell media or interiors 

Unanswered by these experiments, and possibly unanswerable save by 

“ For a recent consideration of the conditions which might make oxidation reduc 
tion potentials electrically manifest, either In artificial or biological membranes see 
'Korr X In Cold Spring HarboT symposia on quantitative bioiogy, Cold Spring Har 
bor, long Island Biological Association 1939, 7, 74 (Induding Discussion, p 91) 
The important biological question b not the theoretical possibility of such membranes, 
or their artificial preparation, but their actual demonstration m living cells, by direct 
methods such as those attempted In the present paper 

14 Blinks, L. R., / Gai Pkjtid , 1939-40, 23, 495 
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greatly refined micrurgical technique, 15 is the question whether other mem- 
branes or phase boundaries within the cell can respond with a manifest poten- 
tial to oxidants or reductants in contact with them However, such surfaces 
would have to be practically contmuous, and electrically unshunted (or 
slightly shunted) to give appreciable potentials The chief membranes 
of this sort known in cells are the outer, and in plants the vacuolar, sur- 
faces Since the outer surface responds well to many ionic changes, and 
can be metabohcally altered in its response to these, an adequate explana- 
tion for most bioelectric phenomena seems to be at hand m its known 
properties without postulating other membranes of unknown location 

SUMMARY 

Nitella cells were exposed to various oxidants and reductants, to deter- 
mine their effect upon the bioelectric potential These included five sys- 
tems, with an E h range from +0 454 v to — 0 288 v , a total range of 
0 742 v 

When proper regard was given to buffering against acidity changes, and 
concentration changes of Na or K ions m the oxidized and reduced forms, 
no significant effect upon the bioelectric potential was found 

1 When an oxidant or reductant (K fern- or ferrocyamde) was applied 
instead of an equivalent normality of an “indifferent” salt (KCl) 

2 In changing from a given oxidant to its corresponding reductant (fem- 
to ferrocyamde, oxidized to leuco-dye, etc ) 

3 When a mixture of 2 dyes, (indophenol with positive is', and safranin 
with negative E' 0 ) was oxidized and reduced, to give better poising at the 
extremes 

It is concluded that the outer surface of this cell is not influenced by the 
state of oxidation or reduction of the systems employed, at least it does not 
respond with a manifest change of bioelectric potential to changes in oxida- 
tion-reduction intensity of the medium 

The cells continued to show, however, at all times their usual response to 
concentration changes of KCl, NaCl, etc , and to electrical stimulation 

15 An experiment of Umrath (Umrath, K., Protoplasma, 1933, 17, 2S8) was directed 
toward the opposite question, namely, whether there was a change of oxidation-reduction 
potential within the protoplasm when the bioelectric potential underwent a change 
He employed two contacts within the protoplasm of Nitella, one a platinum electrode, 
the other a micro-salt-bndge leading to a distant reversible electrode On stimulating 
the cell, little or no change of potential occurred between these two contacts, indicating 
no change of internal oxidation-reduction potential, although the usual large action 
potential was picked up by an external electrode This is the complement of the ex- 
periments here reported a large bioelectric change, accompanied by no change of Eh 
within the protoplasm 
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INTRODUCTION 

It is the purpose of this report to present quantitative data on some 
effects of high light intensities on Cklarella No comparable data have 
as yet been published, although a number of workers, using various tech 
mques, have studied the effects of intense light on the green plant It 
has been generally demonstrated that after long exposure of a plant to 
strong light there may be a disappearance of the products of photosynthesis 
(solanxation), a decrease in the apparent rate of photosynthesis, or micro 
scopically observable injury to the tissue. In this paper the term solanza 
tion will be used to indicate a reduction in photosynthetic rate due to 
prolonged exposure to light 

The literature has been reviewed in the more recent work, of Emerson 
( 1935 ), Fockler ( 1938 ), Holman ( 1930 ), and StAlfelt ( 1939 ) and need not 
be considered in detail here. Most of the work has dealt qualitatively 
either with the ecological aspects of the problem or with the mechanism by 
which the observed effects might be brought about The data to be pre- 
sented m thi3 paper describe the solarization effect as a function of light 
intensity' and time. 


EXPERIMENTAL 

As experimental material there were uied cultures of Ckhrdla vulgaris, 1 of Protococats i 

sp 1 * and of ChlortUa pyrmndoso ,* These have been grown in a M Detmer solution 


* Assistance in the preparation of this manuscript was famished by the personnel of 
Work Projects Administration, Official Project No 65-1-71-140, Sub-project No. 325 

1 Identified by Professor Felix Maine of the German University at Prague. Ob- 
tained through the courtesy of Dr C E. Skinner by whom they had been isolated from 
sod. 

1 Protococcus was used only to support data obtained with CUordia. A comparatively 
low rate of photosynthesis makes this organism more difficult to work with. 

1 Obtained through the courtesy of Dr Robert Emerson. 
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as reco mm ended by Miss Meier (1934), with and without the addition of glucose Cul- 
tures were grown in 500 cc Erlenmeyer flasks in darkness and m light with either air 
or 5 per cent CO2 in air bubbled through To obtain darkness flasks were wrapped in 
photographic hght-proof paper and kept in covered iron pails Cultures grown in light 
were placed uniformly around the 5 5 cm water jacket surrounding a 300 watt bulb 
The intensity at the illuminated side of the flasks w'as approximately 450 foot-candles 
Stenle precautions were observed only when glucose was added to the nutnent solu- 
tion, although microscopic tests for contamination were made m all cases 

Measurements were made by the familiar Warburg technique, using one illuminated 
experimental vessel with flat bottom and a non-illuminated thermobarometnc controk 
The volume of the experimental flask was 14 22 cc to the level of Brodic fluid as cali- 
brated with mercury When used as descnbed below 1 mm increase in pressure corre- 
sponds to an oxygen evolution of 0 56 c mm 

The constant temperature bath was held at 26°C ±0 01° as checked by a Beckmann 
thermometer High hght intensities were obtained by an optical system mounted 
horizontally beneath the bath 4 The hght of a projection bulb was condensed by two 
planoconvex lenses each of 6 inches diameter and 7 inches focal length The horizontal 
beam was then reflected vertically upward through the glass bottom of the bath by a 
concave mirror The area of the hght beam in cross-section at the level of the experi- 
mental flask was large enough so that the flask was alw r ays illuminated dunng the 3 cm 
amplitude of its shaking cycle The hght thus passed through 8 inches of water before 
reaching the flask and most of the infrared was removed Various intensities were 
obtained by the use of three different projection bulbs and a senes of screens For 
higher intensities, a Westinghouse or General Electnc 1000 watt projection bulb with 
a C13D filament was used For lower intensities, projection bulbs of 250 or 500 watts 
were sufficient. Light intensities of over 30,000 foot-candles could be obtained with 
new 1000 watt projection bulbs Unfortunately these bulbs have a rather rapid decay 
and a short average life 

Light intensities were measured by a Weston photromc cell, ngidly mounted im- 
mediately over the bath and in the hght beam above the experimental flask This was 
wared to a calibrated micro-ammeter The hght intensity falling on the bottom of the 
experimental flask was found to be 1 7 times as great as the intensity of the photromc 
cell in its fixed position at which all readings were taken This factor was therefore used 
as a constant correction Readings were taken at the beginning and end of each run, 
when the experimental flask was not m the hght beam, and the average value considered 
representative Changes m fine voltage never caused more than 5 per cent variation 
in the two readings 

Most of the experiments to be considered were earned out m a potassium carbonate- 
bicarbonate buffer corresponding to the sodium carbonate-bicarbonate buffer No 9 
of Warburg (1919) (0 015 11 KsCOj, 0 085 xi KHCO3) Accordmg to the calculations 
of Smith (1937) from the data of Machines and Belcher (1933) this gives a C0 2 con- 
centration of 78 7 X 10- 6 xi In one experiment buffer No 1 1 was used (0 005 xi K 2 C0j, 
0 095 xi KHCOj =■ 290 X 10 -1 xi C0 2 ) The buffer method was used because of its 
simplicity and higher degree of accuracy Pressure changes are due entirely to oxygen 


4 Essential!} similar to that descnbed by Smith (1937) 
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uptake or evolution. No harmful effects of the buffer have ev 
though suspensions have been kept in it in the icebox for as long 
In several check experiments the cells were suspended In Jf Del 
with 5 per cent COt and the gas space swept out with 5 per cen 
tnent solution depends on the differences in solubilities of cart* 
Interpretation of such results requires a knowledge of the pi 
which would be difficult to obtain with the limited cell volume 
small number of these runs were made 

Immediately before an experiment the cells were oentrifugi 
solution taken up in the buffer, and centrifuged out again in a gi 
packed cells fresh buffer was added to give a suspension in whit 
OjOl cc. of cells. The suspension was then kept in the dark excep 
were withdrawn When the cells were grown in darkness, all fu 
the reading of cell volume were performed m the dark Aliqi 
withdrawn in the dark by an automatic pipette. 'When nutria 
place of the buffer the stock suspension was made up in M Detn 
1 cc. of the cell suspension (containing 0 01 of cells) was adt 
in the apenmentti flask. The flask and manometer were plac 
Illumination and about 5 minutes allowed for adjustment to eqi 
reading was then taken in the dark. The light was immediatt 
ceeding readings taken ever} 5 minutes A jump observed betw 
readings (and in fact the pressure change accompanying any chi 
is therefore largely an instrumental error due to readjustment of te 
The above procedure was adopted in spite of the inherent error n 
because of its reproducibility 

The temperature increase within the flask caused by light at 
above is negligible m its effect on the physiological processes ur 
turn increase produced by 28 000 f-cma shaken flask contamin 
number of algal cells was only about 0 4°C as measured by a 
The Warburg instrument must always be considered as a very sen. 

The authors consider of utmost importance the fact that only ■< 
aions were used This reduces s h adi n g of cells to a minimum n 
other combination of materials and methods, with the possible e 
den Honert (1930) and van der Paauw (1932) who used a single la; 
More dilute suspensions cannot be made without great reduct 
measurements, which is already somewhat limited. On the ol 
thickness of the suspension reduces the solanntion effect and pn 
observation. 

RESULTS 

The course of gas exchange in CUoreUa vulgaris un 
intensities is described by Fig 1 (Unless otherwise 
apply to measurements made on ChloreUa vulgaris in buff 
evolution or uptake, indicated as millimeters of pres; 
fluid, is plotted against time of illumination The 

oVtllnil •mh 4I~.1I.. ♦!.«+ +V./MT* < minute npndintrc m 
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involved in the 5 minute, and at this very high intensity probably also 
in the 10 min ute, readings has been already pointed out ) At these in- 
tensities the initial rate of oxygen evolution soon falls off There follows 
an oxygen uptake which increases to, and for some time remains at, a 
fairly constant rate A comparison shows that this constant rate of oxygen 
uptake is much greater than the rate of oxygen uptake indicated by the 
curve for dark respiration which has been included 



TIME OF ILLUMINATION 

Fig 1 Course of gas exchange in Chlorella vulgaris exposed to 13,300 f -c and 38,800 
f -c. of light Oxygen produced or consumed is expressed m millimeters of pressure on 
the manometer The rate above each curve is millimeters per 10 minutes 

After the consumption of a certain volume of oxygen (which occurs 
earlier at higher intensities) the slope (rate) begins to decrease Runs 
earned out for even longer penods than those illustrated here have shown 
that the rate continues to decrease approaching zero At about the time 
the die-away begins there is observable to the eye a distinct bleaching of 
the cells which continues until they are completely colorless, both micro- 
scopically and macroscopically 

It should be noted that the effects shown m Fig 1 cannot be associated 
with a change m the CO 2 concentration of the buffer A change of 100 mm 
manometer pressure (56 c mm 0 2 ) causes a change of only about 3 4 per 
cent in the CO 2 concentration provided by buffer No 9 The highest rate 
ever noted in this buffer (35 mm /10 minutes, Fig 10) was maintained for 
70 minutes without any evidence of inhibition 
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In Fig 2 is a family of curves for different light intensities, each ob- 
tained on a separate aliquot portion of a single batch of cells At lower 
light intensities the final rate remains positive showing only partial inhibi- 
tion of photosynthesis When curves like those of Fig 2 are run at still 
lower intensities a point is reached at w r hich no decrease in rate can be 
observed In fact at these lower intensities (in this case 1,000 f -c or less) 
there is often a slight increase in rate during a long run It is of interest 
that the initial rates at 4,000 and 6,100 f -c are nearly identical and some- 
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Fig 3 Progressive injury of cells by 28,000 f -a of light and recovery in darkness 
(D) and m 1,000 f -c (B and C) 

what higher than the rate at 1,000 f -c At some intensity between 1,000 
and 4,000 f -c hght saturation is reached and injury becomes apparent 
only after a considerable penod of illumination 

Recovery experiments indicate that, at least at the higher intensities, 
there is an injury which becomes more severe with time Several such 
experiments are illustrated m Fig 3 Curve A shows photosynthesis in 
1,000 f -c , an intensity somewhat below the so called hght saturation and 
at which no depression m rate has ever been observed for these cells 
Curves B and C show the recovery of cells exposed to 28,000 f -c for 20 
and 50 mirm t.es respectively, and then changed to 1,000 f -c intensity 
Curve D shows the recovery of cells exposed for 20 minutes to 28,000 f -c , 
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given a 175 minute rest in darkness, and then exposed to 1,000 f -c. The 
numbers adjacent to the curves are rates of oxygen evolution, expressed 
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Fio. A Recovery curves oi CUordlc in nutrient solution saturated with 5 per cent 
CO> 

as increase in millim eter pressure per 10 minutes, after the curve has become 
a straight line. 

It is apparent that on the constant downward slope of a curve such as 
either of those of Fig 1 a progressive injury is taking place As compared 
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to B (Fig 3), recovery after the long exposure of C is much slower and 
less complete (though a still longer recovery time might have resulted in a 
further mcrease in rate) Curve D, as compared with B, indicates that 
recovery takes place in darkness as well as in 1,000 f -c But if exposure 
to strong hght is prolonged as m either of the curves of Fig 1, no recovery 
can be demonstrated, even after 12 hours of darkness 



Fig 5 Recovery in darkness shows stimulated respiration after exposure to bright 
hght (A, B, C) There is complete and rapid recovery under 1,000 f -c (D) 


The recovery experiments described above as performed m K»COj- 
KHC0 3 buffer have been repeated usmg nutrient solution saturated with 
5 per cent CO 2 Several of the curves thus obtained are shown m Fig 4 
The results are essentially similar 

It, therefore, seems reasonable to suppose that along the constant down- 
ward slope of the curves such as those of Fig 1, there occurs with time a 
progressive injury which becomes irreversible when the die-away is reached 
Two other types of recovery experiments are illustrated in Fig 5 Curves 
A, B, and C demonstrate the return to normal respiration m the dark after 
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30, IS, and 5 minutes aposure, respectively, to 27,000 f -c intensity It 
is seen that there is a carry-over of the increased oxygen uptake after the 
light is turned off And the return toward the normal rate of respiration 
is slower after longer exposure to the intense light, 

Curve D of Fig S shows recovery in 1000 f -c. after exposure to 11,000 
f -c. 10 minutes after the reduction in intensity the rate is identical with 
that obtained under 11,000 f -c. Recovery then proceeds rapidly 

In Fig 6 there is presented evidence as to the time relations involved 
in the process producing injury under very high light intensity If instead 
of 1,000 or 1,600 f -c flluminabon during recovery, an intermediate in 
tensity is used (in this case 7,500 f -c.), there takes place a rather rapid 
readjustment to a new constant rate And as seen in this family of curves, 
the final rate depends upon the time of previous exposure to 23,000 f -c. 
The final rate is thus a measure of the combined effects of 7,500 f -c. and 
the preliminary exposure to 23,000 f -c. If there is made the simplifying 
assumption that after 35 minutes exposure to 23,000 f -c. the cells exhibit 
no photosynthesis (rate of Oj exchange =—6 0 under 7,500 f -c.) and 
further that this level of oxygen uptake prevails for all other curves, then 
the addition of 6 0 to the final rate for each curve will give the “true rate of 
photosynthesis ” The rates of photosynthesis so obtained are plotted 
in Fig 7 against time of previous exposure to 23,000 f -c. (figures in paren 
theses at the end of each curve of Fig 6) The shape of this curve is, of 
course, independent of our assumption that a zero photosynthesis is reached 
A very similar curve obtains if the approximate initial rates under 7,500 
f -c are plotted instead of final rates Obviously a very great reduction 
in photosynthesis takes place within the first few minutes exposure to 
23,000 f -c. (in this case 50 per cent inhi bition in 4 minutes) 

It has been found useful to examine the constant slopes (sec Fig 1) as 
a function of light intensity Occasionally there occurs a slight break in 
the constant slope (This takes place at the 50 minute point in the curve 
of Fig 1 for 38,000 f -c. which was especially selected as a demonstration ) 
Such a break has shown up but rarely, although most of the curves have 
been followed only for about 50-70 minutes For consistency, then, in 
the following discussion reference will be made only to the first constant 
slope, which will be called the “final rate of oxygen evolution” or simply 
the "final rate.” 

A number of families of curves similar to that of Fig 2 have been ob- 
tained for cells grown under various conditions. Cells were grown m 
darkness and in light, in 1 per cent and 0 per cent glucose, with air and with 
5 per cent CO, m air bubbled through. There are six different 
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of these factors under which algae can be grown In Figs 8, 9, and 10 
the final rates obtained from each family of curves are presented as a func- 
tion of light intensity Final rates at higher intensities were determined 
as indicated in Fig 2 Points at lower intensities were determined by 
shorter runs Rates at these lower intensities are plotted in the insets 
with intensity on an expanded scale 

Inspection of the six curves reveals four points of interest 

1 Above a certain critical light intensity, which depends upon the 
previous history of the cells, the rate of oxygen evolution falls off in a con 
tmuous and predictable manner with increasing light intensity, finally 
becoming negative 

2 Cells grown in darkness show a depression m rate of oxygen evolution 
at lower intensities than comparable cells grown m light, t t , they are more 
sensitive to light 

3 Cells grown in high COi in light show a depression in rate of oxygen 
evolution only at much higher light intensities than comparable cells grown 
m low COi, * e , they are less sensitive to light This is exhibited in the 
curves as a broad plateau at which oxygen evolution is independent of 
light intensity 

4 Regardless of previous history all curves approach a maximum rate 
of oxygen uptake at high light intensities This rate is about two to four 
tunes as great as the rate of oxygen uptake in dark respiration before ex- 
posure 

The data of Fig 11 (as well as other data not here illustrated) obtained 
with Protococcus demonstrate that the qualitative nature of the effect de- 
scribed for our strain of CHordla mtlgani is not a species peculiarity Sum 
lar data have also been obtained for Chlordla pyrmotdosa 

The plateau effect illustrated in Figs. 9 and 10 has been studied further 
in the experiment shown in Fig 12 Cells grown in 5 per cent CO, and 
light were studied at high intensities, usi n g both buffer No 9 and also 
buffer No 11 which has over 3$ times the COi concentration of No 9 
The dotted portions of the curves for the final rates are plotted with some 
uncertainty Even so, the curves are of importance m two respects It 
is demonstrated that the solanzation effect cannot be due simply to made 
quate COi provision (This fmmt is also home out by the experiments 
of Fig 4 where nutrient solution saturated with 5 per cent COi was used ) 
At Intensities greater than 12,000 f c., cells receiving 3J times the COt 
concentration show very little increase in the final rate. On the other 
hand, there is a considerable increase in rate in the plateau region 
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It would be highly desirable to locate within the < 
by which the above effects might be brought about 
of narcotics such as the urethanes might be expectet 
on this question Data on the influence of narcotics 
obtained A few experiments have been carried ou 
HCN One of these is illustrated in Fig 13 It was 
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experiments that for cells grown in light with S per cen 
solution in the buffer mixture would prevent any oxj 
the compensation point in the intensity range of abc 
This is a somewhat higher concentration than has c 
m the study of photosynthesis. Warburg’s (1920) di 
penments indicate that at about 1,800 f -c. be was 
pensation point with 0 005 u KCN A lower concent 
it KCN still allows for our cells an appreciable oxyg 
intensity range Both of these concentrations stimul 
respiration. 

In Fig 13 the upper curve was interpolated from t 
points by nnaloev to the upper curve of Fig 10 for celli 
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Fig 11 Rate-intensity curve for Protococcns, illustrating qualitative similarity to 
Chlorella 



Fig 12 Effect of CO 2 tension on the light response High CO 2 (A) increases the 
maximum rate but does not prevent injury at high intensities 
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cal conditions The lower curve of Fig 13 was obtainec 

was added to the buffer mixture Both curves seem 

the same limiting value, though there are too few poir 

with certainty Evidently 

a cyanide concentration § 

which will prevent any g 

net photosynthesis as o 

measured by oxygen evo- 2 

lubon does not block the 5 

mechanism responsible for ? 

the oxygen uptake at high ° 

intensities ° 
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DISCUSSION < 

It is rather surprising ^ 

that the phenomena noted 5 

here have not already 
been adequately described 
Probably no previous 
workers have used so great 
a range of light intensity LIGHT IN' 

However, a number have Fig 13 Effect of KCN oj 
used intensities ranging up 

to about 10,000 f -c. And Smith (1937) has descril 
kinetic properties of photosynthesis on the basis of 
at intensities up to 232,000 lux using the water plant 
higher m tensities he noted a “small decrease in rate l 
three or four hours.” He obviated this by using a red fil 
also cut the total intensity in half 

Only two previous papers give results directly com 
Emerson (1935), using a similar technique, found an 
4 or 16 hours exposure to 4,500 f -c. on Cldordla, but < 
supply was either inadequate or lacking Injury was n 
able decrease m the photosynthetic rate after as con 
before exposure. He did not consider the accomp: 
destruction great enough to account for the decline 
For instance, a 70 per cent decrease in rate was accoi 
20 per cent loss of chlorophyll 
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parable with, our experience that cells grown in low CO 2 (0 03 per cent) 
are more susceptible to a depressing effect of light on the rate of oxygen 
evolution We are probably dealing m different ways with the same 
phenomenon However, m the same paper 5 is the statement “Never 
in the course of hundreds of experiments has the writer found a decline in 
rate attributable to high hght intensities, though this effect has often been 
looked for, and hght intensities up to about 100,000 meter candles have 
been used ” If the algae were grown either m bubbling 5 per cent CO* 
as m his earher work (1929), or in the 6 7 per cent C0 2 used in this expen- 
ment, then his cells were probably comparable to those described by the 
upper curve of Fig 10, je, more resistant to hght injury 

A second paper offering direct comparison is that of Fockler (1938) 
m which he described the effect of high hght mtensity on the shade fern 
Trichomanes radicans His hght intensities (expressed by him only in 
relative units) probably were not as high as ours But his use of a thin-leaf 
plant (fronds only about 1 cell thick) should have reduced shading of cells 
to a minimum 

Fockler is not explicit about his experimental method He apparently 
measured by the Winkler method the oxygen dissolved m the water cir- 
culated over the submerged frond He does not refer to Emerson’s (1935) 
paper and may not have provided adequate CO 2 His rates were measured 
only at hourly intervals However, after 1 hour’s exposure to sunlight 
he got no apparent photosynthesis but an oxygen uptake which mcreased 
m rate until the 3rd hour Fronds exposed for 1 or 2 hours showed partial 
recovery of normal photo synthetic activity m 5 days, full recovery in 14 
days of moderate hght Fronds exposed for 4 horns had not yet fully re- 
covered m 14 days A similar though less pronounced effect was obtained 
with Laminaria digitata Fockler was mterested m the effect of hght 
on respiration Much of his data are on colorless plant tissue On such 
material he noted at an hour’s exposure an increase m respiration up to 
100 per cent With longer illumination this gradually fell off, approaching 
its original value Because of this he beheves that his experiments with 
Trichomanes show the result of two processes an mcreased respnation 
and an inactivation of photosynthesis, both of which probably result from 
“eme Stoning 1 m kolloidalen System des Protoplasmas ” 8 

The recent work of St§lfelt (1939) (which has come to our attention 
smce the experimental work was done) seems also to have some bearing 

5 Emerson, R , Cold Spnng Harbor symposia on quantitative biology, Cold Spring 
Harbor, Long Island Biological Association, 1935, 3, 130 

6 Fockler, H , Jahrb vnssensch Bot , 1938, 87, 89 


JACK irmts AND O O BTTBJEt 


61 


on the problem. Of particular interest are hia experiments on two speaes 
of lichens In one experiment over a period of 6 days (10 hours light of 
16,000 lux, 14 hours dark) there occurred daily a hght-mhibition of photo- 
synthesis which amounted to about 26 per cent of the average rate In 
each 14 hour period recovery was about 23 per cent complete This re- 
versible light inhibition was further shown to be proportional to light 
intensity from 4,000 to 48,000 lux and independent of temperature up to 
20°C , the optimum temperature for photosynthesis in these plants Above 
20° an additional temperature inhibition took place which was not re- 
versible in darkness In fact an inhibition of photosynthesis could be 
obtained by exposure to higher temperatures (20-28°) m the dark. 

StSlfelt’s work indicates that the light inhibition occurring m lichens 
is probably closely related to the similar effects reported here for Chlcretta 
and suggests that the phenomena observed for Chkrdla may profitably 
be studied also as a function of temperature But his observations are of 
no immediate aid in the interpretation of our data. 

The authors realise full well the difficulties involved in reaching a full 
explanation of the observed phenomena. The inadequacy of our data 
is paralleled by the lack of complete or directly comparable data in the 
literature. The task of this discussion is, therefore, to arrive at some 
working hypothesis which will account for the data bo far obtained 

It should be emphasized that all the data apply merely to the uptake or 
evolution of oxygen by the algal cells. Nothing at all is known about the 
total COrOi exchange 

The evidence from our data is of two kinds, that from the "tune” curves 
(Figs. 1-7) and that from the "intensity” curves (Figs 8-13) 

In very high light intensities the rate of oxygen uptake is much greater 
than the rate of dark respiration For want of a better name, this excess 
oxygen uptake is called “photo-omdahon,” at the same time recognizing 
that it may not be the simple photochemical reaction which the name 
implies That photo-oxidations sensitized by chlorophyll can take place 
has been shown by the work of Gaffron (1933) and of Kautsky and Hormuth 
(1937) 

The problem, then, is to relate the three processes of respiration, photo- 
synthesis, and photo-oxidabon m such a way as to account for the observed 
Oj exchange In introducing the term photo-ondation it is assumed that 
respiration is constant and independent of light. The Oj exchange now 
depends on the balance between photosynthesis and photo-ondation In 
regard to the photosynthesis two alternate hypotheses are suggested (1) it 
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LIGHT INTENSITY 

Fig 14. Hj-pothetical intensity carve for photo-oxidation Photosynthesis in- 
hibited. 
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is progressively inh ib ited by increasing light intensities, or (2) it continues 
at a maximum value at all higher intensities 

These two hypotheses are illustrated graphically in Figs 14 and IS based 
on the data obtained from the family of curves of Fig 2 and curve B of 
Fig 8 

In Fig 14 the assumption is followed that zero photosynthesis is reached 
within the range of intensities studied. The "photosynthesis" curve is 
drawn quite arbitrarily except that it fulfills this condition The observed 
final rate of O r evolution must be the net effect of photosynthesis and photo- 
ondation (plus respiration) The hypothetical photo-oxidation curve is 
thus obtained by point by point subtraction of the "observed” from the 
photosynthesis curve It, of course, represents a negative evolution of 
oxygen Like the photosynthesis curve it is plotted with its base line at 
the level of dark respiration Thus, at the intensity at which the curves 
of photosynthesis and “photo-ondation” cross, the net Orevolution is the 
— 3.S (nun / 10 min) of dark respiration As here drawn the photo 
oxidation approaches a maximum value, although this is not at all certain 
since the photosynthesis curve has been drawn with a good deal of 
uncertainty 

Fig IS results from the second hypothesis that photosynthesis continues 
at a maximum value at all higher intensities The maximum rate of photo- 
synthesis is taken as the value approached at intensities of about 1,000 f -c. 
(where photo-oxidation must be small) 

An essential difference in the consequences of the two hypotheses is that 
the first requires a much smaller rate of photooxidation, approaching the 
magnitude of dark respiration This is in accord with other observations 
in the literature on the effects of light on respiration The second hy- 
pothesis, on the other hand, requires tremendously higher rates of photo- 
oxidation We can find no evidence for such high rates In fact, the com 
plete lack of response to 1,000 f -c. after 20 and 50 minutes in 28,000 f -c. 
(curves B and C, Fig 3) indicates that the photosynthetic mechanism is 
inactivated in both cases The lack oi response to a 3J times increase in 
CO, concentration at high intensities (Fig 12) also makes the assumption 
of a minmum photosynthesis at these high intensities highly unlikely 
And it is impossible to account for the constant downward slopes (as those 
of Fig 1) and the character of the recovery curves (Fig 3) by the assump- 
tions involved m the second hypothesis However, the second hypothesis 
has been considered since it represents a contrast to the first. 

Assuming, therefore, that photosynthesis is progressively inhibited by 
increasing intensities, the curves of Fig 3 indicate that under 28,000 f -c. 
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intensity the cells suffer a progressive injury vith increasing exposure, from 
vhich the}* recover less completely and more slovly Hove 1 , er, the com- 
plete lack of response to 1 000 f -c. after 20 and 50 minutes in 28.000 f -c. 
(B and C) seems to shov that the photos}Tithetic mechanism is fully in- 
activated in both cases This fact explains the constant rates of oxygen 
uptake in Fig 1 during a period in vhich progressh e injur} is taking place. 
There must be tvo distinct phenomena in\ olved ( 1) the complete inactiva- 
tion of the photosynthetic mechanism vnthin the first fev (20-30) minutes, 
folloved by (2) a progressive destruction of some cellular material vhich 
eventually goes to completion and stops photo-oxidation (the total Or 
uptake approaches a limit) "When the second process has gone so far that 
the photo-oxidation rate begins to decrease, the cells are completely bleached 
and can no longer recover It may veil be, therefore, that photo-oxidation 
depends on chlorophyll absorption But the inactivation of the photo- 
synthetic mechanism is here due to another effect and there need be no 
direct relation betveen chlorophyll content and depression of photo- 
synthesis The maximum absorption of oxygen takes place vhen the 
photosynthetic mechanism has been m activated and there is still much 
chlorophyll present. 

Tvo characteristics of the phenomenon involved in the process of photo- 
synthesis inactivation are described by Figs 5 and 7. Fig 7 indicates that 
the process is extremely rapid, and a comparison of Figs 5 and 7 makes it 
dear that the 5 minutes of bright light vhich greatly depress photosynthesis 
do not appreciably affect the rate or oxygen uptake (as indicated by the 
“carry-over into the dark) 

Thus the rapid process required to reach the final steady rate at a given 
light intensity' is considered a destruction of some factor m the photo- 
synthetic mechanism. This factor is reduced to a concentration at vhich 
it is maintained at a steady' state for any' given intensity-. The concentra- 
tion of this factor vould then limit the photosynthetic rate and, along vnth 
photo-oxidation, determine the final rate of oxy gen evolution Such a con- 
ception vould apply equally 1 veil to all of the curves of Fig 2 The main- 
tenance of the steady dovnvard slope of curves A and B of Fig 1 is nov 
easily explained. The progressive injury to photosynthesis does not affect 
the rate since photosynthesis has already- been stopped by r the destruction 
of some photosynthetic factor during the first fev min utes of irradiation 
The die-avay is explained as a decrease in photo-oxidation vhen its sub- 
strate or sensitizer is almost used up 

At lover light intensities (4,000-12,000 f -c., Fig 2) only' partial inhibi- 
tion of photosynthesis takes place, and a steady- but reduced rate is ob- 
served. This does not result in permanent injury during the time of ob- 
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servation Recovery in 1,000 f c from such a condition 13 rapid (see Fig 
5, curve D) 

As already pointed out, the intensity curves inFigs 8, 9, and 10 show that 
with increasing light intensities the final rate of Oi-uptake approaches a 
common limiting value apparently independent of the history of the cells. 
On the other hand, the maximum possible rate of photosynthesis vanes 
greatly with the previous history of the cells Again, this points to the 
first hypothesis that all photosynthesis has been stopped by the very high 
hght intensities Otherwise it would be necessary to assume that the same 
differences m previous history which favor high photosynthetic rates also 
favor proportionately high photo-ondation rates 

Further mention should be made of the two types of intensity curves such 
as A and B of Fig 10 In both cases measurements were made in the No 9 
buffer (COi — 78 7 X 10 - * 11 ) For curve A this is only about -jV as great 
a COj concentration as the 5 per cent COi in which the cells were grown 
Most measurements of intensity curves for algae have been made under 
similar conditions For the cells of curve B the buffer provides COi con 
centration seven times greater than that in which they were grown In 
this case the rate of photosynthesis seems to be limited by some internal 
factor, probably the same one attached during the first few minutes of ex 
posure to high hght intensities. In regard to curve A the suggestion is here 
proposed that cultures in high COj and hght develop a photosynthetic 
mechanism of high rate capacity Buffer No 9 in which the runs were 
made furnishes too little COi for the cells to reach their maximum rates, 
and so over a range of several thousand foot-candles intensity CO> 13 the 
limiting factor It is possible that through this range of increasing light 
m tensity, inactivation of the photosynthetic mechanism has taken place to 
the same extent as seen m the lower curves (Figs 9 B and 10 B) But the 
original capacity for photosynthesis is so great that CO, remains the limit- 
ing factor over a considerable range This is supported by the results 
shown m Fig 12 It seems likely that if the COj concentration were in- 
creased enough, curve A would nse to a very high value The plateau 
would then disappear and the curve would show the effects of partial in- 
activation of the photosynthetic mecha n is m at intensities much less than 
12,000 f c. 

If Fig 14 be accepted as picturing the relation between photo-oxidation 
and photosynthesis which results in the observed curves, then m all cases 
the sharp d ow n w ard breaks in the intensity curves are largely due to in 
activation of the photosynthetic mechanism rather than to pboto-oxidaPon 
which increases but slowly with incr easin g hght intensity 

Unfortunately the data on cyanide inhibition are not complete enough 
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to be of much help The points at 300 and 1,200 f -c (curve B, Fig 13) 
and the data of Warburg (1920) seem to indicate that in this intensity range 
internal photosynthesis is not blocked If this also holds for higher in- 
tensities, then interpretation is difficult smce it is not certain to what extent 
the internal photosynthesis compensates for photo-oxidation It is true 
that the cyanide curve (B, Fig 13) looks kke an inverted form of the 
hypothetical photo-oxidation curve of Fig 14 However, lack of knowledge 
of the specific effect of cyanide at these higher intensities allows little weight 
to be placed on this similarity 

Obviously, more data must be assembled before the solarization effect of 
high hght intensities can be completely explained Some oxidation in ex- 
cess of dark respiration takes place under very high hght intensity We 
have tentatively called this “photo-oxidation ” We have examined two 
alternative hypotheses for the behavior of photosynthesis The assump- 
tion of a maximum photosynthesis continuing under very high light intensi- 
ties has been shown to be untenable On the other hand, all of our data 
are consistent with the view that with increasing intensities photosynthesis 
is progressively inhibited while photo-oxidation is progressively increased 
at a much lower rate 


SUMMARY 

1 The effect on oxygen evolution of Chlorella vulgaris produced by hght 
intensities up to about 40,000 f -c has been studied by the use of the 
Warburg technique 

2 Above a certain critical intensity, which is determined by the previous 
history of the cells, the rate of oxygen evolution decreases from the maxi- 
mum to another constant rate This depression is at first a completely 
reversible effect 

3 With a sufficiently high intensity this constant rate represents an oxy- 
gen uptake greater than the rate of dark respiration During such a con- 
stant rate of oxygen uptake a progressive injury to the photosynthetic 
mechanism takes place After a given oxygen consumption the rate falls 
off, approaching zero, and the cells are irreversibly injured 

4 The constant rate of oxygen evolution (2 and 3) decreases in a con- 
tinuous manner with increasing hght intensities, approaching a value which 
is approximately constant for all lots of cells regardless of previous history 

5 Two alternative hypotheses have been presented to explain the ob- 
served phenomena The more acceptable of these proposes quick inactiva- 
tion of the photosynthetic mechanism, the extent of inhibition depending 
on the hght intensity 


JACK MYERS AND G O BURR 


67 


6 In Chlordla vulgaris solanzation is Influenced by the previous history 
of the cells. 
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THE EFFECTS OF VARIATIONS IN TEE CONCENTRATION OF 
OXYGEN AND OF GLUCOSE ON DARE ADAPTATION 


by r. a. McFarland and w h. forbes 

(From the Fatigue Laboratory Harvard University, Boston) 

(Recaved for publication, June 5, 1940) 

INTRODUCTION 

The functioning of the central nervous system appears to depend upon a 
continuous and adequate supply of oxygen and glucose. When the concen- 
tration of either of these substances m the blood is lowered to appr oxima tely 
one-half of its usual level, there is significant impairment in cerebral func- 
tion At one-third or one fourth of the normal level, the individual lapses 
into coma The effects of mild, intermediate, and severe degrees of anoxia 
on sensory and mental functions have been extensively studied In the 
case of hypoglycemia however, only the relatively severe effects have 
received attention, mostly in connection with the treatment of diabetes 
and more recently m relation to the insulin shock treatment of schixo 
phrema. 

Smce the general effects of anoxia on the central nervous system have been 
reviewed elsewhere (McFarland, 1932, 1937, 1939), only the changes relat- 
ing to hght sensitivity will be discussed here. Under moderate degrees of 
oxygen lack there is a general darkening and narrowing of the visual field 
and then a blurring of outlines or a decrease w visual acuity With more 
severe anoxia, previous to loss of consciousness, there may be an inter- 
mittent cessation of all visual experiences. Pilots often report a general 
darkening of the visual field while flying at great heights (18,000 feet and 
above) In Douglas bag experiments in the laboratory, one is subjectively 
aware of the dimmin g of lights on being suddenly exposed to partial pres- 
sures of oxygen simulating 12,000 to 14,000 feet. If one is suddenly changed 
back to room air, there is a marked increase m the brightness of the lights 
Controlled studies of light sensitivity appear to offer one of the most sensi 
tive tests available of the initial as well as the advanced effects of anoxia. 
In one study, for example, the effects were first observed at 15 8 per cent 
Ch or 7,400 feet altitude. The thresholds of hght sensitivity were pro- 
gressively raised with increasing deprivation of oxygen m both the rod and 
cone portions of the dark adaptation curve (McFarland and Evans, 1939) 
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factory from the point of view of its objectivity, it is somewhat unsatis- 
factory m so far as a rise m blood pressure cannot be said to indicate either 
better or worse function on the part of the nervous system In the experi- 
ments descnbed below, we have used the thresholds for light sensitivity 
as criteria of the effects of hypoglycemia and anoxia on the central nervous 
system, believing that decreased sensitivity mdicates poorer function 
The phenomenon of the darkening of the visual field mentioned previously 
was followed by the usual procedure of studying night bhndness, i c , the 
measurement of the return of the capacity to see in the dark following 
exposure to a hght of high intensity This test proved to be reasonably 
objective and rehable for use with human subjects and could be earned out 
satisfactorily even under moderately severe anoxemia or hypoglycemia 

Apparatus 

The measurements of hght sensitivity were made with a Hecht adaptometer which 
has been descnbed in detail elsewhere (Hecht and Shlaer, 1938) The hght adapting 
field, occupymg about 35° visual angle and bnght enough to show both cone and rod 
adaptation m the measurements (1,500 millilamberts) was exposed for 3 minutes The 
test field, occupymg 3° visual angle m diameter, was viewed 7° nasally with the nght 
eye In this region, the populations of rods and of cones are more dearly equaluiah m the 
center of the retina or farther in the periphery -The luminous fixation point used to 
keep the eye centered and steady was sufficiently removed from the measuring area so 
as not to interfere with its functiom "The measuring hght was from the extreme violet 
end of the spectrum which furnished a clear color distinction between cone function and 
rod function It was exposed m flashes of one-fifth of a second, long enough to produce 
good perception and short enough to be near the retinal action time 

Experimental Procedure 

The test of hght sensitivity consisted of two parts First, the eye was exposed to the 
standard hght adaptation Then as the subject remained m the dark, the intensity 
threshold to flashes of violet hght was determined approximately every 2 minutes until 
the end of the session It is well known that dark adaptation proceeds in two stages, 
the first is very rapid and is over in a few minutes while the second is late in starting and 
continues for at least half an hour The first part of the curve represents the behavior 
of the cones of the retina (color vision) and the delayed or slower second stage of adapta- 
tion the behavior of the rods (night vision) (Hecht, 1937) Each datum secured, 
therefore, represents the just perceptible hght intensity after a certain tune m the dark 
Approximately fifteen such determinations give a curve of dark adaptation similar to 
those shown m Figs 1 to 5 Time is plotted on the horizontal axis on an ordinary arith- 
metic scale and the logarithm of the intensity of a just perceptible hght is plotted on the 
vertical axis 

The final thresholds m the vanous control curves represent a brightness of about one 
thousand-millionth of a lambert corresponding roughly to an illumination of one millionth 
of a foot-candle Since the logarithms of such fractional numbers are negative and 
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Inconvenient to use, the designers of the apparatus adopted a unit much smaller fhnn the 
Lambert, namely, the micromicrolambert (ppl) or 1 X 10~ u Lamberts. All possible 
values of the threshold are thus given by positive logarithms. 

All of our experiments were earned out m a chamber where the temperature (mean 
70° F ) and ventilation were controlled with an air conditioning unit and where the 
concentrations of oxygen could be maintained at any desired level, the total barometric 
pressure remaining constant Normal fasting subjects, varying in age from 25 to 37 
years, were thoroughly practiced in the experimental procedure A control dark adapta 
tion curve was obtained before each experiment Then the subject was exposed to low 
oxygen tensions by adding nitrogen to the atmosphere in the room from a cylinder of 
nitrogen attached to an outside manifold Samples of air were obtained Inside the 
chamber for the analyses of Oa and CO* on the H alda n e apparatus and samples of 
alveolar air were taken from the subject at the same time. After exposure to the low 
oxygen tensions for 20 to 30 minutes, another dark adaptation curve was plotted and 
then the subject was given glucose or oxygen as the case might be. In other experi- 
ments after the control curve was obtained, the subject was given insulin (5 to 8 units 
intramuscularly), tested again, and then subjected to varying oxygen tensions, and 
finally given glucose. During these experiments, samples of blood were obtained at 
various Intervals for determination of the blood sugar (Folin micro method on unlaked 
blood from finger) 1 In certain experiments, as can be seen from the curves m Figs. 1 
to 3 oxygen, nitrogen, or glucose was given while the eyes were still dark adapted and 
the effects observed without starting the whole procedure (exposure to light, etc.) 
over again 

The following senes of experiments were carried out in accord with the 
technique and procedure desenbed above. 

I. Low oxygen senes in 13 3, 11 4, and 10 0 per cent oxygen correspond 
ing to altitudes of 12,000, 16,000, and 19,000 feet, respectively (6 subjects) 

IL Control tests in air followed by tests dunng the inhalation of decreas- 
ing concentrations of oxygen going as low as 7 3 per cent oxygen in one 
case (5 subjects) 

TTT Low oxygen tests followed by the ingestion of 70 to 80 gm of glucose 
(S subjects) 

IV Insulin tests (5 to 8 units) followed by the inhalation of oxygen and 
the ingestion of glucose (9 subjects) 

V Combined effects of insulin and low oxygen (1 subject) 

VI Basal and non basal senes (10 subjects) 

RESULTS 

The results obtained in Senes I in low oxygen are shown in Table I and 
Figs. 1 and 2 The average partial pressures of oxygen in the chamber and 

1 This method gives approximately the true glucose values and our figures therefore 
run 10 to 20 mg lower than those obtained by methods which Indudo the non-glucose 
reducing substances of the blood. 
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These values rose to an average of 128 mg following the ingestion of the 
glucose It is mteresting that of this group the effects of low 0: on light 



Fig 4 The effects of low oxygen and glucose on the dark adaptation curve for Sub- 
ject M V The sohd circles (control curve) are based on measurements in normal air 
and the open circles in 10 4 per cent 0» simulating 18,000 feet altitude The effects 
of the anoxia were counteracted by the ingestion of glucose (80 gm ) (C/ Tables V 

and VI) 



Fig 5 The effects of anoxia and glucose on the average dark adaptation curve for 
four subjects The sohd circles (control curve) are based on measurements obtained 
in normal air and the open circles in concentrations of O 2 averaging 10 4 per cent. The 
extent to which glucose counteracted the effects of anoxia m each individual is shown 
in the difference between the numbered lines at the end of the graph Each number 
represents an individual subject (C/ Tables V and VI ) 

sensitivity were the least m the case of the subject No 2, who had showed a 
significant increase m blood sugar during the control test possibly due to 
excitement ( cf Table VI and subject 2 in Fig 5) The hght sensitivity was 
improved in each subject after mgestmg the glucose in low oxygen, although 




TABLE V 


Thresholds of Light Sensitivity in Normal Air, Compared t mth Thou in Low Oxygen before 
and after the Ingestion of Glucose (C/ Figs 4 and 5) 



TABLE VT 


The Concentration of Sugar in the Blood of Five Subjects tn the Basal State during 
Experiments Carried out in Low Oxygen and after the Ingestion of 
Glucose (Cf Figs 4 and 5) {Mg Per 100 Cc. of Blood) 



A 

A 

M?k 

A 


He*n 

Control In normal air 

71 

77 


63 

76 

69 4 


f IS min. later 

62 

66 

64 

55 

65 

62 4 

8 

140 

6 6 

80 

69 

54 

66 

67 0 

£.<5 

I hr 15 min, later 

65 

78 

72 

S3 

60 

66 0 


15 min. alter 70-80 gra. 







o 

[ of glucose 

120 

132 

145 

116 

131 

128 8 
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TABLE Vn 

Thresholds of Light Sensitivity for Subject TP F and for a Group of Nine Subjects in 
Normal Air {20 94 Per Cent Of), after Injection of Insulin, after Inhaling 0 2) after 
Being Returned to Normal Air, and after Ingesting Glucose ( Cf Figs 6 and 7) 




Subject W F 

Mean ol 9 subjects 


Control 


Insulin (8 units) 


Control 

(normal 

air) 

Insulin 
fmean 7 


(normal air) 



(normal air) 


Time 

units) (nor 
mal air) 

Time | 

Log/ 

Time 

Log / 


Log I 

Log/ 

mitt 

sec 


min 

sec 


min 



0 

08 

7 35 

0 

08 

7 35 

2 

6 23 

6 36 

1 

40 

6 26 

1 

55 

6 28 

4 

5 93 

5 07 

3 

30 

6 02 

3 

40 

6 02 

6 

5 84 

5 94 

6 

00 

5 81 

5 

55 

5 87 

8 

5 76 

5 89 

8 

55 

5 62 

8 

40 

5 77 

10 

5 32 

5 60 

11 

55 

4 33 

10 

35 

5 14 

12 

4 60 

4 90 

14 

50 

3 73 

12 

20 

4 79 

14 

4 14 

4 44 

16 

40 

3 51 

14 

00 

4 OS 

16 

3 80 

4 10 

19 

50 

3 22 

16 

10 

3 71 

18 

3 56 

3 86 

23 

05 

2 95 

18 

35 

3 46 

20 

3 38 

3 6S 

27 

05 

2 82 

20 

50 

3 42 

22 

3 23 

3 56 

30 

20 

2 78 

23 

10 

3 38 

24 

3 14 

3 46 

34 

15 

2 72 

27 

05 

3 24 

26 

3 07 

3 40 

37 

05 

2 68 

30 

00 

3 11 

28 

3 01 

3 36 

40 

20 

2 68 

33 

05 

3 07 

30 

2 97 

3 32 




36 

10 

3 03 

32 

2 94 

3 28 




39 

05 

2 99 

34 

2 93 

3 27 




42 

10 

3 03 

36 

2 92 

3 27 




44 

15 

3 05 

38 

2 92 

3 27 




48 

00 

3 01 

40 

2 92 

3 27 




53 

00 

2 99 







After inhaling Oj from a cylinder 

After Inhaling Oi from 
a cjlinaer 




0 

50 

2 86 

2 


3 02 




1 

30 

2 88 

4 


2 96 




2 

40 

05 

2 68 

2 57 

6 


2 95 




4 


Normal air 


40 

2 62 

















6 

15 

2 64 

2 


3 04 

3 16 













Normal air 


6 


3 17 




1 

20 

2 88 

8 


3 16 




3 

00 

2 88 

10 


3 16 




After ing 

eating glucose (80 gm ) 

After ingesting glucose 
(70 to 80 gm ) 




2 

30 

2 64 

2 


3 09 




4 

00 

2 72 

4 


3 03 




7 

20 

2 68 

6 


2 98 




10 

SO 

2 70 

8 


2 95 




14 

05 

2 66 

10 


2 92 




17 

10 

2 68 

12 


2 91 




20 

10 

2 68 

14 


2 91 
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TABLE VTTT 

The Concentration of Sugar in the Blood following the Injection of Insuhn {Cf Figs 6 and 7 
{Mg Per 100 Cc. Blood) 


Gro%r 


77 i 
63 , 
54 
56 ( 
111 1 



TABLE IX 

Thresholds of Light SennUniy in Normal Avr {20 £4 Per Cent Oj) and after the I reject um q 
Four Units of Insulin While Inhaling 132 Per Cent 0* Simulating 
lZflOO Feel Altitude {Cf Fig d) 


























86 


VARIATIONS IN CONCENTRATION OF OXYGEN AND GLUCOSE 



Fig 6 The effects of insulin (low blood sugar) and oxygen on light sensitivit) The 
sohd circles (control curve) arc based on measurements in normal air and the open circles 
on measurements also taken in normal air but follow mg the injection of insulin The 
threshold was increased when the blood sugar was lowered When 0; was inhaled at 
the end of the experiment, the threshold returned to normal but on returning to room 
air the threshold rose again to the hypoglycemic level (C/ Tables VII and VIII ) 



Fig 7 The effects of insulin, oxygen, and glucose on light sensitivity The sohd 
circles (control curve) are based on the average thresholds for nine subjects m air and 
the open circles for the same subjects also in normal air but after the injection of insulin, 
the inhalation of oxygen, and the ingestion of glucose When the blood sugar was 
lowered by insulin the thresholds increased, when the subjects inhaled oxygen from a 
cyhnder, the thresholds returned to normal, when the subjects were returned to room 
air the thresholds rose, and finally when the subjects ingested glucose the thresholds fell 
(Cf Tables VH and Vm ) 

In Senes IV, the subjects were given insulin followed by the inhalation 
of oxygen and the ingestion of glucose The results obtained with the 
adaptometer are shown in Table VII and Figs 6 and 7 The procedure 
was as follows after the initial observations in the normal state, each sub- 
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ject was given from S to 8 umts of insulin mtramuscularly (according to 
body weight) After an interval of approximately 10 minutes, a second 
dark adaptation period was begun Samples of finger blood were taken 
every 10 to IS minutes for the determination of sugar (Table VXH) The 
lowest blood sugar values were reached during the testing of the rod portion 
of the curves so the effects on light sensitivity were naturally greatest during 
that part of the experiment. At the end of the insulin teat, each subject 

table x 

Data for Suirjut 17 F Obtained during the Experiment in Which the Combined Effects of 
Low Oxygen and Low Blood Sugar {Insulin) Were Studied 
(Cf Table IX and Fig S) 


Conifltlom 

| Dumber 

AhreoUr «lr 

BL»d kiu 

Pul*e 

nto 

Blood* 
pr»- 
■art | 

Hemo- 

*WJn 

Cod* t«t 

O, 

COi 

so. 



fo 

cm 

cm 

wtm 

Bt 


mm, 

Bt 

m[ cm 

£L 

mm. 

Bt 

tm ftr 

cm 

fit 

Control in normal air 

20 96 

0 04 

106 

2 

41 2 

80 

54 : 

114/72 


156 
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i 

17 4^ 


tion of 4 nniti of 











Inmlfn 











22 






69 





38 






64 





43 
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SXS/80J 



62 

13 22 

0 18 

56 

4 

33 2 

70 




171 

Minute* after Inge*- 






















giucote 









1 


30 






131 





35 







64 




55 

13 34j 


48 

3 

j»6 6 

123 


1 

18 6 

140 


inhaled oxygen for 6 min utes. He wa3 then suddenly changed back to 
normal room air Finally, each subj’ect ingested approximately 70 gm 
of glucose in 200 cc. of water An interval of 4 to 5 minutes passed during 
the ingestion of the glucose at the point in the experiment indicated by the 
arrow in Fig 7 

The curves show clearly that the thresholds for light sensitivity depend 
upon the concentrations of blood sugar and the partial pressure of oxygen 
After inhaling oxygen, for example, the thresholds quickly dropped to the 
normal base line If the subject was switched back from pure oxyg*~ 
room air, however, the thresholds returned to the level reached 
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insulin test Finally, if the insulin hypoglycemia was counteracted with 
glucose, the thresholds returned to normal 
In Series V the combined effects of low oxygen and low blood sugar on 
the dark adaptation curve were analyzed in the ease of Subject W F 
After the control observations, the air in the chamber was diluted with 
nitrogen until the oxygen was reduced to 13 2 per cent simulating an alti- 
tude of 12,000 feet The subject w r as then given four units of insulin intra- 
muscularly 15 minutes later the dark adaptation lest was repeated, there- 
by testing the effects of both anoxia and hypoglycemia These combined 
effects on light sensitivity raised the threshold 0 6 of a log unit, a change 



Fig 8 The combined effects of insulin and low oxygen on light sensitivity The 
solid circles (control curve) arc based on measurements in normal air and the open 
circles in 13 2 per cent 0» and after the injection of 4 units insulin These effects were 
largely counteracted (ns indicated by the triangles) when glucose was ingested, the ox>gen 
remaining at 13 2 per cent ( CJ Tables IX and X ) 

considerably greater than a similar degree of anoxia or of hypoglycemia 
would have brought about separately', and rather greater than the sum 
of their separate effects The results are shown m Fig S and Table IX 
This was the same subject who, with twice the amount of insulin (r c eight 
units) without anoxia, showed a rise of 0 4 (Fig 6) and who at 20,000 
feet showed a rise of 0 6 (Fig 1) The alteration in the chamber air m 
relation to the alveolar air is shown m Table X with several additional 
physiological tests and a code test involving quickness and accuracy 
of attention After 70 gm of glucose were ingested, the subject remaining 
in the low Oj, the threshold fell almost to the normal level ( cf broken 
curve, Fig 8) 

In the final senes of tests (Series VI), ten subjects w r ere given the dark 
adaptation test while fasting and after their normal breakfast but without 
coffee or cigarettes The results are shown in Table XI and Fig 9 In the 



insulin senes, we had observed that changes in light sensitivity were present 
during moderate degrees of hypoglycemia. Since it is well known that the 

TABLE XI 


Thresholds of Light Sensitivity Based upon the If eons of Tin Subjects in the Basal and 
Non Basal State in Normal Air (C/ Fig P) 


Tim* 

BmlLof I 

Noa-butl Log I 

ml*. 

2 

6 33 

6 28 

4 

5 93 

5 88 

6 

5 84 

5 84 

7 

5 75 

5 62 

8 

5 SO i 

5 25 

9 

5 23 

4 85 

10 

4 91 

4 52 

12 

4 37 

3 97 

14 

3 97 

3 55 

16 

3 68 

3 25 

18 

3 47 

3 04 

20 

3 32 

2 94 

22 

3 30 

2 87 

24 

3 20 

2 86 

26 

3 15 

2 84 

28 

3 15 

2 84 

30 

3 15 

2 84 
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Fig. 9 The mean curves for ten subject* in the basal and non basal state. (Cf Table 
XI) 

blood sugar may be as low as 70 to 80 mg per cent m the morning before 
breakfast, the curves were plotted under such conditions and repeated after 
breakfast when the blood sugar had nsen to 100 to 120 mg per cent. In 
rune out of the ten cases, there was an effect as shown graphically in Fig 9 
the final threshold m the rod portion of the mean curve was OJ of a log unit 
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higher in the basal state In our opinion this degree of variation, the 
amount attributed by Hccht and Mandelbaum (1939) to intra-individual 
variation during the day or from day to day may be accounted for by the 
variations in the blood sugar m relation to meals It is obvious that such a 
variable should be controlled m psycho-physical experiments involving 
delicate judgments of visual thresholds 

DISCUSSION 

In these experiments we dealt with three primary variables (1) the func- 
tioning of the visual mechanism, judged by the visual threshold and de- 
pendent upon oxidative processes in the brain, (2) the tension of oxygen in 
the inspired (and alveolar) air, and (3) the concentration of glucose m the 
blood Our observations suggested that (in crude analogy to the mass 
action law) the first of these variables is more simply related to the product 
of the second and third than to either separately On plotting the results 
this was found to be the case Fig 10 shows the product of the alveolar 
O 2 tension and the glucose concentration m the blood plotted against the 
change m the visual threshold observed in the experiment (A log I) The 
latter is in terms of the increment m the logarithm of the light intensity at 
the visual threshold, the values obtained with about 100 mm of alveolar 0« 
and 75 mg of glucose per 100 cc of blood being used as a base line This 
figure mdudes all the experiments m low O; in which the subjects were 
basal and all but one 2 of those m low 0 2 m which glucose was given The 
experiments with insuhn, with high O 2 , and with normal 0 2 plus glucose are 
not included The correlation between the A log I and the product of the 
alveolar 0» tension and the concentration of glucose m the blood by the 
Pearson r method was —0 96 ±0 01 Correlations were also obtained 
between A log I and the alveolar 0 2 tension and glucose concentration 
separately, for the former, the correlation was — 0 89 ± 0 03 and for 
the latter —0 87 ± 0 04 

The discrete points in Fig 10 show a certain amount of scatter, but per- 
haps less than might be expected in the light of the following considerations 
In the first place, the O 2 pressure m the cells of the brain is not necessarily 
proportional to the tension of O 2 m the alveolar air nor is the glucose at the 
seat of oxidation necessarily proportional to the blood sugar Secondly, it 
was not always possible to keep the alveolar O 2 tension or the concentration 
of glucose constant while the visual thresholds were being determined 
during the 30 minute period of dark adaptation This is particularly true 

2 Experimental difficulties encountered 


of the blood sugar The results obtained under basal conditions were more 
consistent than during either the insulin or high glucose senes In fact 
both the impairment m the thresholds and the variability appeared to 
increase if the glucose was falling, irrespective of its level. This may be 
illustrated by the fact that during the part of the glucose tolerance test 
when the blood sugar was falling rapidly after the large initial increase, a 
significant nse in the threshold was observed. 

Fig 10, as mentioned above, does not show the points obtained in high 
Oj, or with normal Oi and high glucose, in all of which the value for the 



ALVEOLAR 0,lmM « BLOOD SUGAR (m* 

Fio. 10 The difference between the thresholds In normal air (control) and the expeif 
mental conditions (low O, or low Q« phis glucose) plotted sgainst the prodoct of the 
alveolar oxygen tension end the concentration of the blood sugar The solid 
circles are results obtained in low Oi m the basal state. The open circles in low Os 
but after the ingestion of glucose. 

abscissa Is over 7000 These observations show more scatter but in general 
fall fairly dose to (or just a little below) the horizontal base line even when 
the abscissa is over 1200, they do not follow the line on the figure which 
looks as if it would cross the X axis at about 6000 In other words the 
visual threshold is definitely raised by lowering the product of the Oi tension 
and the blood 3ugar but it is only lowered slightly and inconstantly by 
raising this product above the normal level The experiments in which 
the product was lowered by producing hypoglycemia with insulin while the 
O, tension remained approximately normal gave less constant results than 
those in Fig 10 in which the product was lowered by reducing the Oj ten 
sion The reason for this was probably the considerable changra in the 
blood sugar which took place during the 30 or 40 minutes of measuring the 
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thresholds on the adaptometcr Though we took several blood samples, 
the changing values and the rather less regular curves obtained on the 
adaptometcr in these experiments increased the uncertainty of the data 
If put on Fig 10 all but two of the points would lie above and to the right 
of the line as drawn It is as if the blood sugar had actually been about 
20 mg lower than the observed values The points show far more scatter 
The dark adaptation curves (plotting threshold against time as shown 
in Figs 1 and 2) were elevated progressively with diminished 0- tension, 
t e , increased altitude The curves obtained while breathing low Oj were 
similar in shape although consistently elevated throughout the cone and 
rod portions The rate of adaptation was apparently unchanged These 
experiments were earned out m a chamber where the barometnc pressure 
was constant, the air being diluted with nitrogen to simulate the altitudes 
as indicated in Figs 1 and 2 and Table I When the oxygen w as low ered to 
13 4 per cent (11,500 feet altitude), the average impairment between the 
control and low 0 2 senes at the end of 30 minutes in the dark was 0 26 of 
a log unit, m 11 5 per cent 0 2 (15,400 feet), 0 42 of a log unit, and in 10 1 
per cent 0 2 (18,500 feet), 0 63 of a log unit Thus it appears that the im- 
pairment in hght sensitivity under reduced oxidation is quite large In 
Fig 1, for example, the threshold was raised by a factor 5 8 and m Fig 2 
(in 10 1 per cent 0 2 ) by 6 0 The changes in these expenments are essen- 
tially the same as those obtamed by McFarland and Evans (1939) under 
similar experimental conditions, but with a different apparatus In 13 7 
per cent 0 2 (11,000 feet) they observed a decrease in threshold of 0 22, 
and in 11 7 per cent 0 2 (15,000 feet) of 0 40 of a log unit Comparable 
results have also been reported by Bunge (1936-37) using a rebreathing 
apparatus, and by McDonald and Adler (1939) wnth a spirometer In the 
former study the rise in threshold was over threefold in 8 to 11 per cent O* 
while in the latter (Hecht adaptometer) both the rod and cone portions of 
the curve were displaced upward by 0 4 of a log unit (i c the threshold 
rose by a factor of 2 5) while inhaling 0 2 tensions of 10 4 per cent Com- 
parable data were obtamed by Fischer and Jongbloed (1935-36) and by 
Clamann (1938) in low pressure chambers indicating that the important 
variable is the diminished partial pressure of 0 2 in the alveolar air whether 
it is produced by lowering the total pressure or by nitrogen dilution 
In our opinion the effects of anoxia and hypoglycemia on hght sensitivity, 
as shown m Figs 1 to 7, are exerted on the nervous tissue of the visual 
mechanism and on the connecting pathways from the retma to the cerebral 
cortex rather than on the photochemical substances of the receptor cells 
of the retma for the following reasons Fust, m subjects with expen- 
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mentally induced vitamin A deficiency Heclit and Mandelbaum (1939), 
Wald cl al (1938), and others have shown that there is a greater nse in the 
rod thresholds compared with the cones A deficiency of vitamin A is 
known to affect the regeneration of visual purple relating to night vision 
and the rods so the latter might be expected to show a greater change. In 
our experiments, the rod and cone portions of the curves were influenced m 
essentially the same way, both in extent and m contour suggesting that the 
effects of vitamin A deficiency and anoxia axe dissimilar and that two differ 
ent processes in the visual mechanism are involved Additional evidence 
for this was contributed by McDonald and Adler (1939) for they found that 
vit amin A deficiency did not alter the effects caused by anoxia. The nse 
in threshold in anoxia was simply additive and was essentially the same in 
the normal and vitamin A deficient states Secondly, the rapidity with 
which the thresholds change by lowering or raising the alveolar Oj tension 
or the blood sugar suggests that the impairment is on the nervous tissue 
rather than the photochemical processes D ark adaptation normally takes 
place within 20 to 30 minutes while in our experiments the final rod thresh- 
old could be lowered or raised withm 1 to 2 minutes in low 0, (i f Fig 1) 
and low blood sugar ( cf Fig 7) by inhaling oxygen It is well known that 
if Oi is inhaled during experiments involving induced anoxia the artenal 
oxygen saturation will return to normal within several full inhalations, 
thereby restoring the Oj tension m the nervous tissue almost immediately 
If the excess Oj is taken away, the artenal Oi tension falls very rapidly and 
m our experiments the threshold returned within 1 to 2 minutes to the 
former level of impairment These changes in light sensitivity take place 
almost as rapidly in hyperglycemia if excess oxygen is inhaled or if the Oj 
is restricted (cf Fig 7) Furthermore, Wald cl al (1938) found that at 
least 7 minutes must elapse before the intramuscular injection of large 
amounts of carotene affected visual adaptation in vitamin A deficient sub- 
jects. Thirdly, we observed that even following complete dark adaptation 
in normal air for 40 minutes (during which time the regeneration of visual 
purple should have been complete) the thresholds gradually rose as the 
oxygen was dim inish ed (cf Fig 3) The thresholds returned to the normal 
level, however, withm 1 to 2 minutes upon the administration of oxygen 
Fourthly, Elsberg and Spobutz (1938) have reported that the time required 
for foveal dark adaptation is increased in patients with tumors or other 
lesions m the cerebral hemisphere. Finally, m experiments reported else- 
where (McFarland, 1932, 1937, 1939), we have observed that anoxia lm 
pairs central or cortical functions such as complex reaction times or memoiy 
< at approximately the samp, altitudes or under comparable conditions of 
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oxygen deprivation, suggesting that in both cases the most significant effects 
are on the central nervous system 

The observations relating to the differences in threshold under basal 
and non-basal conditions have significant implications m the field of psycho- 
physics It is well known that certain psycho-physical laws dealing with 
delicate sensory judgments, as m light sensitivity, tend to break down at 
the extremes of the psycho-physical curve For example, the relationship 
between sensation and the logarithm of the intensity of the stimulus 
throughout an extensive mtermediate range is linear At the lowest or 
highest values of the stimulus, however, significant departures from linearity 
are known to exist (cf Boring, 1933) Not only docs the variability in- 
crease so greatly that the smaller differences become statistically insignifi- 
cant, but also the basis for absolute judgments becomes distorted The 
present study illustrates changes in sensitivity at lowest intensities (thresh- 
old measurements) Similar effects have also been demonstrated for 
changes at the highest intensities where visual acuity is maximal (Mc- 
Farland and Halpenn, 1940) If a variation in blood sugar of 20 to 40 
mg per 100 cc of blood (the usual difference between the basal and the 
non-basal state) gives nse to a A log 7 of 0 31, it would appear that such 
variables might be controlled to advantage (cf Fig 9) Since Gellhom 
(1936) has shown that raising the tension of CO; produces a reversible de- 
crease m visual intensity discrimination poor ventilation of the experi- 
mental room might also give nse to equally great changes m delicate 
sensory judgments of light sensitivity Hecht and Mandelbaum (1939) 
suggest that the day-to-day variation in light sensitivity is 0 3 of a log unit 
It is possible that the inter-individual variation might be considerably 
reduced by attempting to control such vanables as those mentioned above 
both m the internal and external environment 

It is improbable that the effects we have reported in these experiments 
might be due to some artifact, or uncontrolled condition One such factor 
to be considered is the size of the pupil Since it is known that excitement, 
hyperglycemia, or acute anoxia may give nse to dilation of the pupils, 
we earned out a number of tests wath an artificial pupil The effects were 
essentially the same Bunge (1936— 37) whose experiments were earned 
out under even more acute conditions of anoxia than ours, found by actual 
measurement of the pupillary changes that they were of such small magni- 
tude that the curves relating to light sensitivity were not significantly 
influenced Another possible source of error relates to the insidious effects 
of acute anoxia and the distortion of judgment or insight into one’s own 
conscious states In these experiments, the judgments were too con- 
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sistent and the response of the subjects too prompt for this to be considered 
of significance In many instances the subjects were unaware of any sub- 
jective symptoms especially m the low blood sugar senes and in the less 
extreme anoxia experiments Although the vanabihty m the response of 
the subjects tended to increase under acute anoxia or hyperglycemia, the 
general characteristics of the curves remained the same. 

SOMMARY AND CONCLUSIONS 

In this study we have analyzed the effects of vanations m the concentra- 
tions of oxygen and of blood sugar on light sensitivity, t e dark adaptation 
The experiments were earned out m an air-conditioned light proof chamber 
where the concentrations of oxygen could be changed by dilution with 
nitrogen or by inhaling oxygen from a cylinder The blood sugar was 
lowered by the injection of insulin and raised by the ingestion of glucose. 
The dark adaptation curves were plotted from data secured with an ap- 
paratus built according to specifications outlined by Hecht and Shlaer 
During each experiment, observations were first made in normal air with the 
subject under basal conditions followed by one, and in most instances two, 
periods under the desired experimental conditions involving either anoxia 
or hyper or hypoglycemia or vanations in both the oxygen tension and 
blood sugar at the same time. 

1 Dark adaptation curves were plotted (threshold against tune) in 
normal air and compared with those obtained while inhaling lowered con 
centrations of oxygen A decrease m sensitivity was observed with lowered 
oxygen tensions Both the rod and cone portions of the curves were in- 
fluenced in a similar way These effects were counteracted by inhaling 
oxygen, the final rod thresholds returning to about the level of the normal 
base line m air or even below it within 2 to 3 minutes. The impairment was 
greatest for those with a poorer tolerance for low Oi Both the inter and 
intra individual variability m thresholds increased significantly at the 
highest altitude. 

2 In a second senes of tests control curves were obtained in normal air 
Then while each subject remained dark adapted, the concentrations of 
oxygen were gradually decreased The regeneration of visual purple was 
apparently complete during the 40 minutes of dark adaptation, yet In each 
case the thresholds continued to nse in direct proportion to the degree of 
anoxia. The inhala tion of oxygen from a cylinder quickly counteracted 
the effects for the thresholds returned to the original control level within 
2 to 3 minutes 

3 In experiments where the blood sugar was raised by the 
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glucose m normal air, no significant changes m the thresholds were observed 
except when the blood sugar was rapidly falling toward the end of the 
glucose tolerance tests However, when glucose was ingested at the end 
of an experiment m low oxygen, while the subject remained dark adapted, 
the effects of the anoxia were largely counteracted within 6 to 8 minutes 

4 The influence of low blood sugar on light sensitivity was then studied 
by injecting insulin The thresholds were raised as soon as the effects of 
the insulin produced a fall in the blood sugar When the subjects inhaled 
oxygen the thresholds were lowered Then when the oxygen was with- 
drawn so that the subject was breathing normal air, the thresholds rose 
again within 1 to 2 minutes Finally, if the blood sugar was raised by 
ingesting glucose, the average threshold fell to the original control level or 
even below it 

5 The combined effects of low oxygen and low blood sugar on light 
sensitivity were studied m one subject (W F ) These effects appeared 
to be greater than when a similar degree of anoxia or hypoglycemia was 
brought about separately 

6 In a series of experiments on ten subjects the dark adaptation curves 
were obtained both m the basal state and after a normal breakfast In 
nine of the ten subjects, the food increased the sensitivity of the subjects 
to hght 

7 The experiments reported above lend support to the hypothesis that 
both anoxia and hypoglycemia produce their effects on light sensitivity in 
essentially the same way, namely, by slowing the oxidative processes. 
Consequently the effects of anoxia may be ameliorated by giving glucose 
and the effects of hypoglycemia by inhaling oxygen In our opinion, the 
changes may be attributed directly to the effects on the nervous tissue of 
the visual mechanism and the brain rather than on the photochemical 
processes of the retma 
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INTRODUCTION 

A number of reports showing that quinonoid compounds can act as 
earners in the oxidation of ascorbic acid by oxygen have been reviewed by 
King (1, 2) Since phenol oxidases bnng about the production of qumones, 
the association of ascorbic add oxidation with these oxidases seems well 
established A study of such an oxidation in conjunction with the tyra- 
mine tyrosinase and tyrosine-tyrosinase reactions should be of especial 
significance in view of the fact that an inactive tyrosinase (protyrosinase) 
can be obtained from the egg of the grasshopper, Mdanoplus differ on 
halts (3) 


EXPERIMENTAL 

Preparation of Protyrosinase .— The procedure for extracting protyrosinase from the 
grasshopper egg has been described (3) A number of eggs in the diapause stage were 
ground tip and centrifuged in a 0 9 per cent NaCl solution The fatty layer which 
contains an activator of pro tyrosinase was removed and the supernatant fluid decanted 
into a graduated cylinder To this portion a 3d volume of ii/15 KHjPOi solution was 
added. After standing for several hours at 0°C. this fluid was centrifuged. The clear 
supernatant liquid, designated Bi was removed and diluted with a volume of U/15 
NtjHPOi solution equal to the amount of KHjPO* solution previously added. The 
Bi was next dialyaed at 0°C. against a 0 9 per cent NaCl solution by placing 40 0 mL 
of Bi in a cellophane tube and suspending the tube in 10 to 12 volumes of the saline 
solution. The latter solution was renewed at the end of each 24 hours. After 3 days 
the contents of the cellophane tube (volume - 40 7 mL) were removed and stored at 0°C 

Composition ( and Volume ) of Reaction Solutions — The center wells of Warburg 
manometer vessels contained 0 1 mL of a 10 per cent KOH solution and a small roll of 
filter paper The reaction fluid volume was 3 0 mL The side bulbs contained 0 5 mL 
of the Bi preparations. 2 mL of Sorensen's m/15 phosphate buffer solution of a pH 
- 62 were placed In the reaction chamber In the case of tyrosine this 2 0 mL portion 

* Aided by a grant from The Rockefeller Foundation for work on the ^ 

the normal celL 


99 



100 


TYROSINASE AND ASCORBIC ACID 


contained a known amount of tyrosine (Colcmnn and Bell) The composition of the 
remaining 0 5 ml of aqueous solution was varied ns to the amount of t>raminc hydro- 
chloride (Eastman), the presence of ascorbic acid (Eastman), and an excess of sodium 
oleatc (Merck) or the commercial detergent, Aerosol (American Cyanamid) 1 * 

RESULTS AND DISCUSSION 

The existence of an inactive tyrosinase, which upon the addition of an 
excess of various activators changes into a tyrosinase, lias already been 
considered (4) It has become simpler to refer to the inactt\c form as 
protyrosinase and to the active form as tyrosinase Throughout this dis- 
cussion, the behavior of protyrosinase (without activation by sodium 
oleate or Aerosol) is contrasted to that of tyrosinase (with this activation) 

In the presence of undialyzcd tyrosinase, tyraminc is 0 93 oxidized to 
melanin m 160 minutes (tyraminc, tyrosinase, Fig 1) A \cry distinct 
red color appears within 30 seconds after the commencement of the latter 
reaction This color, due to an indole qumone, indicates that the fifth 
intermediary product of the oxidation of tyraminc to melanin is accumulat- 
ing (5) The uppermost curve (tyraminc, ascorbic acid, and tyrosinase) 
shows an initial rapid uptake of oxygen succeeded by completion of the 
oxidation of tyraminc to melanin During the first 115 c mm oxygen 
uptake, although the oxidation of tyraminc to melanin has started, the time 
of appearance of the indole quinonc red color is delayed for some S minutes 
until the ascorbic acid is oxidized to dchydroascorbic acid Therefore, 
the apparent inhibition of tyrosinase, if one views the rate of color forma- 
tion as a measure of enzyme activity, is probably concerned not with a 
primary effect upon the enzyme but rather w'lth an alteration in the x r clocity 
of formation of intermediary products (6) Judging from both the lack of 
a red color during these first 8 minutes and from the rapidity of oxygen 
uptake it seems that the oxidation of ascorbic acid involves the reduction 
of the quinone of 3 4 dihydroxyphenylcthylamine, the third intermediary 
product in the oxidation of tyraminc to melanin (5) In contrast to these 
two systems the following experiments, also with undialyzcd extracts 
resulted m no observable oxygen uptake protyrosinasc alone, tyrosinase 
alone, protyrosinase and ascorbic acid, protyrosinasc and tyraminc, 
protyrosinase, ascorbic acid, and tyramme (Fig 1) 

The result of dialyzing a Bi preparation against the sodium chloride 
solution is graphically illustrated m Figs 1 and 2 There is no significant 
change m the velocity of oxidation of 2 3 X 10~ 3 mu of tyramme in the 
presence of tyrosinase Neither does dialysis affect the velocity of oxygen 

1 The authors wish to express their appreciation to the American Cyanamid Company 

for supplying the Aerosol used in these experiments 
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uptake by this amount of tyra- 
mine and 0 01 mu of ascorbic 
aad (equivalent to 112 c mm 
of oxygen) m the presence of 
tyrosinase It was also found 
that no measurable oxygen up- 
take occurred in the following 
experiments on dialyzed ma- 
terial, protyrosinase, tyrosin- 
ase, protyrosinase and tyra 
mine, protyrosinase and ascor- 
bic aad , protyrosinase, ascorbic 
aad, and tyrarmne However, 
there is a marked difference in 
the effect of an undialyzed and 
a dialyzed tyrosinase upon the 
oxidation of ascorbic aad (Fig 
1) This particular oxidation 
of ascorbic aad m the presence 
of an undialyzed extract is 
probably due to a coupled reac 
tion with some oxidation prod 
uct of a naturally occurring 
substrate After this substrate 
has diffused away, the protyro- 
amase can be activated and the 
resulting failure to oxidize as 
corbie aad indicates the absence 
of a substance which can act as 
a carrier between oxygen and 
ascorbic aad (7) Since the 
oxygen uptake of dialyzed tyro- 
sinase solutions is not percep- 
tible, it seems that only a mi- 
nute amount of the natural 
substrate is needed for the oxi- 
dation of ascorbic aad This 13 
borne out in experiments on dia- 
lyzed tyrosinase preparations in 
which les3 than 2.3 X Kh 1 
mu of ty rarmn e still furnishes 
Ur rtoDcrt 
E 11 * ' 



tyrosinase and pro tyrosinase preparations upon 
theoxidationofascorbicacid. 0 01 mu ascorbic 
aad concentration of activator, 0 07 per cent 
sodium pirate, pH — 6 1, T — 25 0°C 



Fro 2. The effect of dialyzed tyrosinase upon 
the oxidation of ascorbic sad in the presence of 
various amounts of tyrarmne. 0 01 mu ascorbic 
aad, activator, 0,07 per cent sodium oleate 
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enough quinone to catalyze the oxidation of 0 01 mM of ascorbic acid to 
dehydroascorbic acid (Fig 2) Obviously the tyramine-tyrosmase reaction 
with smaller amounts of tyr a min e oxidizes ascorbic acid at slower rates 
(Fig 2) 

Lest it be thought that this dialyzable substance be a copper compound 
which is activated into directly catalyzing the oxidation of ascorbic acid, 
the following observations should be added Although the copper-pro- 
teinate experiment of Stotz, Harrer, and King (8) could be duphcated, the 
addition of sodium oleate did not increase the activity of copper with 
respect to ascorbic acid oxidation m the presence of vanous amounts of 
egg albumin If grasshopper egg tyrosinase is also a copper-protemate 

(9-12), one might then conclude 
that this oxidase has different 
properties from ascorbic acid 
“oxidase ” Such a conclusion 
seems to be m logical agree- 
ment with the distinctions which 
McCarthy, Green, and King (13) 
found to exist between ascorbic 
acid oxidases and catechol oxi- 
dase 

Smce the oxidation of small 
amounts of substrate can be ex- 
pressed in terms of the readily 
observed coupled reaction with 
ascorbic acid, it is possible to 
use a solution of tyrosine as a 
substrate The solubility of tyrosine limits the amount which can be added 
as a solution, but with concentrations of tyrosine from 4 6 X KM to 1 15 X 
10~ 5 mil (equivalent to 25 8 and 0 7c mm oxygen) there is a coupled oxi- 
dation of ascorbic acid (Fig 3) It was also observed that this reaction 
with tyrosme and ascorbic acid did not occur unless an excess of Aerosol 
or sodium oleate was present to function as an activator of the protyro- 
sinase Neither v, as there an oxidation of tyrosme m the presence of proty- 
rosmase Hence, under these conditions, with tyrosme as with tyramine, 
for a substrate there is still the distinction as to protyrosinase and tyrosinase 

SUMMARY AND CONCLUSIONS 

1 Protyrosmase from the egg of the grasshopper, Melanoplus dijjeren- 
i.ahs, can be activated b\ excess sodium oleate or Aerosol 



Fig 3 The oxidation of ascorbic acid in the 
presence of vanous amounts of tyrosine and 
dialyzed tyrosinase 0 01 mu ascorbic acid, 
actuator, 0 017 per cent Aerosol, pH =61, 
T = 25 0°C 
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2 The 3 4 qumone products of the reaction of activated protyrosmase 
with tyr amin e or tyrosme will ondize ascorbic add to dehydroascorbic add. 

3 The velocity of this latter oxidation of ascorbic acid increases with 
the amount of tyramine or tyrosine 

4 The oxidation of ascorbic acid by the tyr amin e-tyro anas e reaction 
ddays the time of appearance of a red color associated with an indole 
quinone intermediary product m the formation of m elanin 

5 Protyrosinase, in itself, and in the presence of tyrosinase substrates 
does not bring about the oxidation of ascorbic acid 

6 A naturally occurring substrate in a preparation of protyrosmase, 
sufficient to cause the oxidation of ascorbic acad, can be removed by dialysis 
against a 0 9 per cent sodium chloride solution 

7 Dialyss against such a solution does not change the properties of 
protyrosmase, the inactive enzyme must still be activated before it will 
catalyze the oxidation of tyramine or tyrosme 

8 When the natural substrate, tyrosme, or tyramine is absent, activa- 
tion of protyrosmase does not result m the oxidation of ascorbic acid 
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THE EFFECT OF STIMULATION OF THE SENSES OF VISION, 
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OF THE ORGANS OF VISION 
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(Received for publication, April 29, 1940) 

HISTORICAL 

It has long been known that the stimulation of one sense organ influence* m some 
degree the sensitivity o! the organs of another sense. But whether the influence is 
exerted upon the receptors or upon their central areas m the cortex has not been with 
certainty determined. This behavior of the nervous system may readily be inferred 
from its synaptical arrangement and lntemunaatory constitution whereby all parts are 
susceptible of communication with each other These ideas have thus been summanxed 
by Sherrington (12) “All parts of the nervous system are connected together and no 
part of it is probably ever capable of reaction without affecting and being affected by 
various other parts, and it Is a system certainly never absolutely at rest” 

The two senses which seem to be best adapted for the purpose of measurement are 
those of hearing and vision. As long ago as 1888, Urban tschitach (13) observed that 
Bounds of different tones may act differently upon the sensitivity of the visual apparatus 
for venous colors but no definite quantitative relation between sound and color was 
detected by him. In later investigations Lazarev (11) concluded that the visual sensi 
bility of the retinal penphery, that is of rod vision, increased under the influence of 
acoustical stimulation of the ear Yakovlev (15) found that stimulation of the ear by 
sound conspicuously enlarged the area of the field of cone vision especially for green light 
Kravkov (8) observed that under the influence of sound the critical frequency of flicker 
of white light increases for central or cone vision, and d iminish es for peripheral or rod 
vision. 

In a recent investigation Yakovlev (16) has studied In much detail the influence of 
acoustic stimulation, both by musical tones of frequency 780 cycles per second and noises 
of 75 decibels m loudness, upon the limits of the areas of the retinal fields for extreme 
red, orange-red green, and blue colons. The colors were not spectral but were obtained 
from Wratten color filters. The maximum transmissions of the filters were at 700 m/t, 

680 m/i, 540 mp and 440 m/i respectively Two observers were employed and from 
their measurements the following results were obtained. Under the influence of both 
tones and noises the color field for extreme red was unaltered, that for orange-red was 
diminished, and those for green and blue enlarged in area. Noise was more effective as a 
stimulus than musical tones possibly because of its greater intensity and under its 
influence the color fields were diminished and enlarged to the greatest extent 

In a more detailed research Kravkov (9) has Investigated the influence of acoustic 
stimulation of the ear upon the light, or rod and the color, or cone sensibility of the /“* 
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visual apparatus The experiments were performed with the nght eye when both eyes 
were in darkness adaptation An observer viewed in a spectrometer a small patch 
of some spectral color which was gradually diminished m mtensity by means of an 
absorbing wedge of neutral tinted glass placed between the sht and the source of light 
As the visual field gradually became darker, the observer first indicated the moment 
when color disappeared, and, second, when light vanished The hght and color thresh- 
olds or sensibilities were measured by the reciprocals of the thickness of the part of the 
wedge in front of the sht at the two positions The experiments were continued for 1 5 
hours, and during this period visual measurements were taken at intervals of from 8 to 
13 mmutes After 40 minutes of darkness adaptation a condition of steady visual 
sensibility was assumed to have been attained, and then an acoustic stimulus, consisting 
of a musical tone of 2100 cycles per second and 100 decibels in intensity, from a generator 
of low frequency, was conveyed to both ears of the observer by a telephone receiver for a 
period of 10 mmutes While the sound was maintained the visual measurements were 
repeated At the end of this penod the sound was stopped and the measurements were 
continued as at first It w as found by three observers of normal vision that hght (rod) 
sensibdity, contrary to Lazarev’s finding, was greatly diminished under the influence of 
sound For the colors green and orange-red opposite results were obtained The 
sensibility for green (528 m/i) was raised and that for orange-red (610 m/x) was lowered 

The wave-length 560 m/x divides the two effects For orange-red colors greater than 
this wave-length the sensibility of the visual apparatus was diminished For green and 
blue colors shorter than this intermediate wave-length the sensibility was increased 
The ends of the spectrum beyond the wave-lengths 460 m/x and 620 mju were not observed 

The contradiction between Lazarev’s and Kravkov’s findings for light, or rod, sensi- 
bility may be due to the fact that the observations of the former were made upon the 
retmal periphery' and those of the latter upon the macula If both sets of observations 
are correct it follows that the macular and peripheral rods respond m opposite ways to 
threshold intensities of stimulation 

The Present Investigations 

In the present investigations the writers have confirmed the work of 
Kravhov on the influence of hearing upon color vision, and m addition they 
have studied the effect of stimulation of the senses of taste and smell upon 
the perception of colors They have also extended the observations to 
include the oscillation of sensitivity of the sensations of vision which 
results from stimulation of the senses of vision, hearing, taste, and smell 

For conxemence of investigation the critical frequency of flicker of the 
colors of the spectrum w as observed before and after the stimulation of the 
other senses By comparing the measurements obtained under both 
conditions, the influence of the other senses upon vision was determined 

The method of experimentation was as follows A spectrum was obtained from an 
incandescent lamp of 75 watts which was kept at a steady brightness by a fine rheostat 
with a \ oltmetcr placed across the terminals of the lamp to insure a constant potential 
difference A Hflgcr spectrometer with the equivalent of three 60° pnsms gave a 
spectrum of wide dispersion, a small portion of which of any desired wave-length was 
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isolated in the eyepiece by adjustable shutters. Between the 
dak was rotated bj an electric motor whose speed was coi 
resting upon the axle. To the rear end of the axle was atta 
made electric contact every fiftieth rotation of the armature £ 
contact waa recorded on a strip of paper on a chronograpl 
indications from a dock beating half-seconds. By measu: 
time of rotation of the disk, and hence the duration of a fksl 
its critical frequency of flicker was accurately determined, 
of the spectrum for purposes of comparison with those obtai 
other sense organs, the eyes were kept adapted to ordinary i 
room between the hoars of 10 un. and 3 pm. A selected p 
wave-length was obtained from the calibration curve was i 
disk was rapidly increased in rotation until the critical freqi 
and while this speed was maintained steady by tbe brake, th 
chronograph. The sense of hearing, taste or smell, or vision 
stimulated for 2 minutes and the measurements of the cntii 
immediately or after various intervals of time. This procec 
throughout the tpectium. The graphs for the normal and ii 
then drawn together, as shown in the figures, and from th 
stimulation of any sense organ upon vision was determined, 
ness of the spectrum remained unchanged, the difference: 
reveal the physiological changes m brightness, whether in 
hence the alterations m responsiveness or sensitivity of tl 
stimulation of another sense had induced 

The Effect of Stimulation of the Rehna upa, 

In making the measurements the normal curve fc 
of flicker was first obtained for the nght eye when be 
adaptation The measurements were then rep 
spectrum with the nght eye m constant adaptation 
of wave-lengths 687 mp and 589 This con 
by stimulating the retina with the red color from 
for 2 minutes before each observation of the entr 
was taken Two sets of measurements were mi 
interval was taken, and, second, when a rest inti 
allowed between the termination of stimulation of 1 
ing of the critical frequency of flicker In all other 
of experiment were alike. 

The measurements are given in Table I, and th 
for stimulation by yellow light with no rest interval 
form in Fig 1 The normal is the broken line, 
represents wave-lengths and the ordinates are the 
of a flash of light upon the retina at the critical 


108 


EFFECT OF STIMULATION OF SENSES ON VISION 


of vision carries the impression of one flash of color over the dark interval 
with no appearance of interruption 

The differences between the two graphs are also shown more clearly m 
the lower part of Fig 1 The normal graph is represented by the straight 
broken horizontal hue, and the differences between the two sets of measure- 
ments by the continuous line It is known that the brighter the hght the 
shorter is the duration of stimulation at the critical frequency of flicker 
The elevation of the continuous line above the normal, therefore, indicates 
that the corresponding colors are perceived with diminished brightness, and 
its depression below the normal shows that the corresponding colors appear 
enhanced m brightness 


TABLE i 


Wave- 

length 

Normal 

Stimulation with 

X 589 rmx. 

Rest period — 0 

Stimulation with 

X 589 Tap 

Rest period = 3 min 

Stimulation with 

X 687 nil. 

Rest period *=> 0 

Stimulation with 

X 687 mu 

Rest period — 3 mm 

np 

see 

sec 

1 

sec 

— 1 

sec 

diJJ 

sec 

iiJJ 

720 

0 0138 

0 0143 


0 0134 


0 0143 

+5 

0 0134 

-4 

700 

0 0125 


m 

0 0122 

b| 


5 


-3 

6S0 

0 0116 



0 0113 

HI 

0 0118 

2 

EEd 

-2 

660 

0 0112 


0 

0 0109 

EH 

0 0112 

0 

0 0112 

0 

640 

0 0109 

0 0109 

0 

0 0108 

-i 

0 0107 

-2 

0 0112 

+3 

620 

0 0107 

0 0111 

4 

0 0105 

-2 

0 0103 

-4 

0 0110 

3 

590 


0 0112 

6 

0 0102 

-4 

0 0101 

-5 

0 0112 

6 

550 

0 0114 


3 

0 0106 

-8 

0 0111 

-3 

0 0117 

3 

530 

0 0119 


3 

0 0113 

-6 

0 0116 

-3 

0 0120 

1 

500 

0 0134 


-2 

0 0136 

+2 

0 0132 

-2 

0 0137 

3 

480 

0 0156 


-5 

0 0160 

4 

0 0153 

-3 

0 0159 

3 

465 

0 0175 


-6 

0 0180 

5 






The graphs for stimulation by red hght of wave-length 687 m p, with no 
rest interval and with a rest period of 3 minutes are shown in Fig 2 A and 
2 B There is revealed m the latter a complete reversal of the effects of 
stimulation shown m the former For the latter graph indicates that the 
red color is now increased m brightness and the green and violet colors 
diminished In other words, the immediate influence of stimulation r by 
red hght is to depress the red and enhance the green and violet sensations, 
while during a rest penod of 3 minutes the neural reactions have completely 
reversed the responsiveness of the sensory apparatus, so that the red 
sensation becomes enhanced and the green and violet sensations are de- 
pressed in sensitivity 

After stimulation b> yellow spectral hght of wave-length 589 m/r, 
similar measurements were made with no rest interval and after one of 3 















Wave-length 

Fig 1 Effect of stimulation of the retina 
with yellow light, wave-length 589 zn/<, for 2 
minutes. No rest interval. The normal graph 
for the unstimulated retina is the broken line. 
The lower graph represents differences between 
the two graphs above. 


nyr 450 500 MO 600 650 700 
Wove length 

Fig. 2 Effects of no rest Interval and of one 
of 3 minutes after stimulation with red (687 mp) 
and yellow light (589 m/i) ^The effect of rest 
is to reverie the immediate effect of stimuli 
tion The broken line is the normal. 


IBM 


500 530 600 650 700 
Vove -length 

Fio 3 Visual effect of stimulating the ear 
with tones of 150 cycles per second, after vari 
emi rest periods from 0 to 7 minutes. The 
broken Ime is the normal. 


Fio. 4. Osdliation of visual sensitivity after 
stimulation of the ear by sound. Abscissae are 
rest periods. Ordinates are differences between 
normal values of the critical frequency of flicker 
and the values after various periods of rest. 
The hues at rero represent normal values. 
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min utes duration The data are also given in Table I The former are 
shown m Fig 1 as just described, and they are both shown m the two lower 
graphs, C and D, in Fig 2 As the yellow sensation is compounded of 
the red and green sensations, the graph for no rest interval shows that these 
sensations have been diminished m sensitivity and the violet has been 
enhanced by direct stimulation When rest intervals of 3 minutes were 
taken after stimulation before readings of the critical frequency of flicker 
were made, the sensitivities of the sensations were reversed These re- 
versals occurred through the influence of internal reactions alone 

These observations, as far as the immediate effects obtained with no 
rest intervals are concerned, confirm the findings of Allen (1) in former 
investigations 

The Visual Effect of Stimulation of the Sense of Hearing 

The influence of stimulation of the sense of hearing upon vision, with 
which this investigation started, will now be descnbed For the purpose 
of stimulation of the ear a Stem Tonvanator was used This is a Koenig 
resonator with the bottom like a piston which can be moved inwards to 
produce a pure tone of any frequency wi thin one octave The tone, which 
is generated by blowing a stream of air obhquely across the orifice at the 
top of the tonvariator, is very pure and free from overtones In the 
present in\ estigatron two instruments were used, one giving a tone of 150 
and the other 1200 cycles per second Two intensities were used, one given 
by air pressure of 2 cm of water and the other by 2 mm of water The 
right ear was held very close to the onfice where the sound was generated, 
and thus a tone of fairly high intensity was directed mto it The tone 
given by the lower pressure was very weak The left ear of the observer 
was protected from sound by a tuft of cotton wool mserted in the passage, 
though this precaution, under the conditions of stimulation, was found to 
be unnecessary 

In making observations the procedure was invariable The normal 
curve for the critical frequency of flicker was first obtained by the right 
eye when the eyes and ears were m normal unstimulated condition, or, 
more accurately, when both organs were adapted to the daylight and sounds 
of an ordinarily quiet room The right ear was then stimulated by the 
sound for 2 minutes and the readings of the cntrcal frequency of flicker 
immediately taken After readjustment of the instruments the aural 
stimulation was renewed, followed agam by the visual measurements 
This procedure was repeated until observations were made over the spec- 
trum The tonvanator was placed near the flicker apparatus so that the 
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observer could turn immediately from one to the other Sets of measure 
ments -were made with no rest interval, and with rest intervals of 1.5, 3, 5, 
and 7 m inutes between the termination of aural stimulation and the visual 
observation The data are given in Table n and are shown graphically 
in Fig 3 As before, the broken horizontal lines represent the normal 
curves, and the continuous lines those for the critical frequency of flicker 
after aural stimulation Again, elevations and depressions of the con 
tinuous lines indicate respectively diminished and enhanced conditions 

table n 


Visual Effect of Shmulatim of the Seme of Hcarint Stimulation of Ritht Ear 


Wart 

kn*ih 

Normal 

Unttwfcd- 
0 *ti*. 



Sot period » 

I j min. 

Rx*t period ■* 
)nau 

Kwt period — 
Imin. 



IK. 

Itt 


Ht. 



UJ 


aj 

St* 


740 

0 0194 











720 

0 0170 

0 0179 

+9 


-1 


-11 




-12 

700 

0 0150 

0 0158 

8 

0 0148 

—2 


-12 

0 0149 

-l 


—9 

6*0 

0 0132 

— 

— 

0 0130 

-2 

HS|f 

-7 

0 0133 

+i 

Wotti 

-5 

660 

0 0121 

0 0129 

+8 

0 0123 

+2 

fifkITki 

-3 

— 


— 


ESI 

0 0116 

0 0122 

+6 

— 

— 

— 

— 

— 


0 0114 

—2 

620 

0 0112 

0 0116 

-M 

— 

— 

— 

— 

— 


— 


590 

0 0106 

0 0109 

+1 

0 0107 

+1 

0 0103 

+2 

— 


0 010S 

+2 

550 

0 0112 

0 0106 

—6 

0 0113 

+1 

0 0119 

+7 

0 0113 

+i 

o oii& 

+6 

530 

0 0118 

0 0112 

~6 

EXES 

~1 

0 0124 

+6 

0 0119 

+i 

— 


500 

0 0131 

0 0132 

+i 

0 0131 


0 0132 

+1 

— 


0 0143 

+12 

480 

0 0148 

0 0154 

+« 

— 

— 


+5 

— 


M0E3 

+18 

465 

0 0165 

0 0178 

+13 

EE2Q2 

+2 


+8 


+2 

0 0179 

+14 

450 

0 018? 

0 0204 

+ 17 




+M 





435 

0 0216 


+24 










In all cases frequency 150 vibrations or cycles per sec. 
Tonvariator pressure — 2 err. of water 
Stimulation period - 2 min. 


of the brightness of the corresponding colors, which are due to similar 
changes in the responsiveness of the fundamental color sensations. 

The graph m Fig 3 A, for no rest interval, Indicates that the red color 
of the spectrum appears of lowered intensity, the green of enhanced, and 
the violet of lowered intensity This result confirms the experiments of 
Kravkov, with aural stimulation of 100 decibels in loudness, for red and 
green colors He did not carry his measurements into the blue and violet 
regions With a rest interval of 1 5 minutes, the graph (Fig 3 B) shows 
that the measurements of the critical frequency of flicker are almost of 
normal value but with a slight indication of a reversal of the condition 
represented by Fig 3 A When a rest interval of 3 minutes was taken, 
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the graph (Fig 3 C) reveals that a complete reversal of sensitivity of the 
red and green sensations has occurred, the red color now appearing brighter 
and the green dimmer than normal With aural stimulation, the blue and 

table m 


Visual Ejjed of Stimulation of the Sense of Hearing 


Wave-length 

Normal 

Stimulus frequency *■ 

ISO cycles per sec. 
Pressure ■» 2 cm 

Right ear 

Stimulus frequency « 

150 cycles per sec. 
Pressure — 2 mm 

Right ear 

Stimulus frequency ™ 

150 cycles per sec. 
Pressure *=■ 2 cm 

Left ear 

rrtfl 

SIC 

sec 

dig 

sec 

dig 

sec 

dig 

740 

0 0194 




+3 



720 

0 0170 

0 0179 

+9 


-7 


-4 

700 

0 0150 


+8 


-12 


-5 

680 

0 0132 

- 


0 0127 

-5 

0 0126 

-6 

660 

0 0121 

■ 

+8 

0 0121 

0 



640 

0 0116 


+6 

0 0118 

+2 



620 

0 0112 

• 

+4 

0 0115 

+3 



590 

0 0106 

1 

+3 

0 0111 

+5 



550 

0 0112 


-6 

0 0115 

+3 

0 0106 

-6 

530 

0 0118 


-6 

0 0119 

+1 

0 0113 

-5 

500 

0 0131 


+1 

0 0132 

+1 



480 

0 0148 


+6 

0 0150 

+2 



465 

0 0165 


+13 

0 0163 

-2 



450 

0 0187 


+17 

0 0184 

-3 



435 

0 0216 


+24 





Wave length 

Normal 

Stimulus frequency «■ 
1200 cycles per sec. 
Pressure — 2 cm 

Right ear 

Stimulus frequency — 
1200 cycles per sec 
Pressure «■> 2 mm 

Right ear 


Trip 

sec 

■ 

dig 

sec 

dig 



740 

0 0181 


+21 





720 

0 0166 







700 

0 0144 

0 0155 

+11 





6S0 

0 0134 







660 

0 0125 

0 0131 

+6 

0 0128 

+3 



640 

0 0122 







620 

0 0114 

0 0119 

+5 

0 0119 

+5 



590 

0 0109 

0 0113 

+4 





550 

0 0118 

0 0112 

-6 

0 0112 

-6 



530 

0 0125 

0 0117 

-8 

0 0116 

-9 



500 

0 0144 

0 0135 

-9 





4S0 

0 0163 

0 0165 

+2 

0 0159 

-4 



465 

0 0184 

0 0187 

+3 






violet colors experience no reversal m brightness After a rest interval 
of 5 minutes, the brightness of the spectrum, as shown by Fig 3 D, appears 
of normal \alue When the rest interval was increased to 7 minutes 
(Fig 3 E) the curve indicates much the same changes in color intensities as 
shown in Fig 3 C for 3 minutes of rest 













3 



Fig. 6 VIjujJ effect of olfactory stimuli Fio 7 Visual effect of gustatory stimulation 
tic® with various substances after no rest with solution of quinine sulfate, after no rest 
periods and after 45 minutes of rest. The last penod and after 3 minutes, Reversal of effect 
shows reversal of effect. The broken lines are is shown. Broken lines are normals. 


the normals. 


Thus by internal reactions alone which are inherent somewhere in the 
visual apparatus, reversals of sensitivity of the visual organs occur in a 
definite oscillatory manner By plotting cross-sections of the r 
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in Fig 3, the oscillatory effect is more strikingly displayed This has been 
done m Fig 4 for the wave-lengths 700 mju, and 550 m/j, It will be noticed 
that the oscillations of sensitivity of the red and green sensations are 
opposite m phase 

In order to study the influence of aural stimulation of different intensi- 
ties, a graph was obtained after stimulation by a weak tone of 150 cycles 
per second, produced by a low pressure of only 2 mm of water The data 
are given in Table m, and are plotted in Fig 5 B m contrast with Fig 5 A 
which is a repetition of Fig 3 A for 150 cycles per second and a pressure of 
2 cm It will be seen that aural stimulation by the weaker tone has evoked 
a reversal of the visual effect caused by the louder tone of the same fre- 
quency, including, m this case, the violet end of the spectrum 

With aural stimulation by a high-pitched tone of 1200 cycles per second 
of strong and weak intensities given by air pressures of 2 cm and 2 mm 
of water respectively, the visual effects were those shown in Fig 5 C and 
5 D These graphs are plotted from the measurements in Table III 
They both show depression of sensitivity of the red and probably of the 
violet sensations, but enhancement of the green There is no evidence of 
reversal of visual sensitivity under the influence of the weaker tone It is 
possible that for the higher and more piercing tones, a still lower intensity 
than that obtained with a pressure of 2 mm of water is required to evoke 
reversals of visual sensitivities, or else with stimulation by very high tones 
only depression of sensitivity occurs 

A few readings were obtained to show the contralateral influence of 
aural stimulation of the left ear upon the right eye The measurements are 
given in Table III, and shown graphically m Fig 5 E All colors m the 
range observed from 530 m n to 720 ran are seen to be enhanced in brightness 

The Visual Effect of Stimulation of the Sense of Smell 

In order to study the influence of stimulation of the sense of smell upon 
color vision, a volatile odorous material was placed m a bottle through 
the rubber stopper of which two glass tubes were passed One of them 
dipped below the surface of the hquid A current of air was then gently 
blown through it which conveyed a steady stream of odorous material 
through the second tube to the nght nostril The sense of smell was then 
stimulated by the odor for 2 minutes and readings of the critical frequency 
of flicker taken immediately afterwards with no rest interval Three 
substances were used, oil of African geranium, oil of cassia, and an alcoholic 
solution of vanillin, all of which gave the same result The measurements 
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are given in Table IV and are plotted m Fig 6, A, B, and C, respectively 
With the odor of oil of geranium as the stimulating substance, the red and 
violet sensations, as shown in Tig <5 A, were depressed m sensitivity and 
the green enhanced With the other two substances the measurements 
gave similar results except that they were not extended into the blue- violet 
region of the spectrum 


table rv 

Visvol EJfed of St initial um of Ike Sense of Smell 


t 

; 

WtTe-ktiftli 

Normal 

Stimulation with oil 
o / rmnima. 

Rut Interval — 0 

StimuiaUuo with oD 
oJ cu*l«. 

Rut inttml — Q 

Sttmilatipn rritb rantHim. 
Reit Interval - 0 



ttc. 

ne 

Uf 

uc. 

Uf 

m 


4 

680 

0 0154 

0 0140 

+6 

0 0136 

+2 

0 0138 

+4 


660 

0 0125 

0 0154 

+9 

0 0130 

+5 

0 0132 

+7 

- 

640 

E - 9 

0 0127 

+8 

0 0128 

+» 

0 0126 

+7 

A 

620 

EE SI 

0 0119 

+3 

0 0119 

+5 

0 0118 

+4 

E 

390 

0 0111 

0 0114 

+3 

0 0114 

+3 

0 0114 

+3 

550 

0 0117 

0 0112 

-5 

0 0112 

-5 

0 0112 

-3 


550 

0 0125 

0 0119 

—6 

0 0119 

—6 

0 0117 

-8 

i 

500 

0 0148 

0 0150 

+2 

0 0150 

+2 



p 

480 

0 0169 

0 0175 

+6 





465 

0 0185 

0 01 M 

+* 





n 

a 

W*Yt-Un*tb 

Normal 

Stimulation arili oil 
of rataia. 

Real interval •» 43 mi a- 

Wava4en*t)i 

Normal 

StiaroiaUoqwUh oO 

Raat interval - 43 min. 


«# 

me. 

tie . 

mm 

■M 

me . 

me. 

Of 

i 

720 

0 0138 

0 0131 

WbM 

590 

0 0091 

0 0093 

-H 

700 

0 0125 

0 0117 

-8 

550 

0 0097 

0 0102 

+5 

c 

680 

0 0113 

0 0106 

. | 

550 

0 0102 

0 0 t « 

+2 

a 

660 

0 0106 

0 0102 


500 

0 0117 

0 0114 

-3 

$ 

640 

0 0100 

0 0099 

-1 

480 

0 0130 

0 0125 

—5 

620 

0 0094 

0 0097 

+3 






A number of attempts were made, but without success, to discover 
whether, with various short rest periods up to 15 minutes, any reversal 
of color sensitivities occurred as a result of ipsilateral olfactory stimulation 
Since in many ways the sense of smell is rather sluggish, it was decided to 
allow a rest interval of from 40 to 50 minutes after stimulation with the 
odor of oil of cassia before measurements of the critical frequency of flicker 
were made The result showed (Fig 6D) that in the prolonged rest 
interval a decided reversal of sensitivity of all three color sensations oc 
currcd As the graph indicates, the red and violet sensations are enhanced 
and the green depressed in sensitivity 
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The Visual Effect of Stimulation of the Sense of Taste 

Two sets of measurements after stimulation of the sense of taste were 
made, in both of which the stimulating substance was an aqueous solution 
of sulfate of quinine This substance was chosen so that the bitter sensa- 
tion, which is much the most sensitive of the four taste sensations, would 
be stimulated A piece of absorbent cotton was soaked m this solution 
and placed on the back of the tongue for 2 minutes, then it was removed 
and the reading of the critical frequency of flicker taken The mouth 
was then rinsed with water and the stimulation repeated with a fresh piece 
of cotton In the first case no rest interval, and, in the second, a rest 

TABLE V 


Visual Effect of Stimulation of the Sense of Taste 


Wave-length 

| Normal 

Stimulation mth quinine sulfate. 
Rest interval ■= 0 

Stimulation with quinine sulfate. 
Rest interval — 3 min 

mp 

rer 

sec 

iijf 

sec j 

dif 

720 

0 0144 

0 0148 

+4 

0 0137 

-7 

700 

0 0128 

0 0131 

+3 


-4 

6 S 0 

0 0115 

0 0117 

+2 

K : u%: 

-2 

660 

0 0109 

0 0111 

+2 

0 0108 

-1 

640 

0 0104 

0 0105 

+1 

0 0104 

0 

620 

0 0100 

0 0102 

+2 

0 0103 

+3 

590 

0 0099 

0 0097 

-2 

0 0103 

+4 

550 

0 0105 

0 0102 

-3 

0 0111 

+6 

530 

0 0110 

0 0106 

-4 

0 0116 

+6 

500 

0 0122 

0 0120 

-2 

0 0124 

+2 

480 

0 0134 

0 0140 

+6 

0 0139 

+5 


interval of 3 minutes was allowed between the cessation of stimulation 
and the measurement of the critical frequency of flicker The readings 
are given in Table V and are shown graphically m Fig 7 A and 7 B 
With no rest interval the red sensation is depressed and the green enhanced 
m sensitivity, while after a rest period of 3 minutes a reversal occurred in 
which the red sensation was enhanced and the green depressed m sensi- 
tivity In both cases the violet sensation appears to suffer depression of 
sensitivity 

It maj be remarked that stimulation with a solution of sugar was tried 
but with no apparent visual effect The sweet sensation is, however, the 
most insensitne of the four gustatory sensations Possibly a solution of 
saccharine might have been successful as a stimulant to produce a change 
of visual sensitivity 
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DISCUSSION OT BESULTS 

There is in the human body a wide-spread system of nervous channels 
through which certain effects of stimulation of one organ are conveyed 
to other organs both similar and dissimilar in character One of the 
writers (6) has shown that stimulation of the nght foot by a forward 
pressure against a wall diminishes the magnitude of the post-contraction 
muscular reflex m the nght arm This is a case of partial lpsilateral 
inhibition The opposite effect had previously been investigated by 
Whisler (14) m a specially complete manner In his researches he em 
ployed the post-contraction of the left leg as the normal response Im 
mediately after stimulation of the left arm, he found that the responses 
of the left leg were augmented He then stimulated both arms simul- 
taneously and found a greater augmentation of the subsequent response 
of the leg The preliminary stimulation was then extended to include at 
once both arms and the nght leg, with still greater augmentation of the 
response of the left leg Finally, with these three he included stimulation 
of the muscles of the neck, and obtained the greatest degree of augmentation 
of the response of the left leg Similarly, stimulation of different organs 
by foradic currents, pictures, munc, and colors was followed by augmented 
post-contraction responses of the left leg 

The influence of various types of stimulation upon glandular secretion 
has been studied by several investigators Thermal stimulation of the 
mouth above 55°C and below 15°C , wa3 found to be effective in exabng 
the salivary glands to increased activity Lashley (10) observed that 
violent chewing of a tasteless substance such as rubber, elicited a very 
large increase in the amount of saliva secreted Activity of the salivary 
glands is also greatly promoted by aads, alkalis, and salts held m the 
mouth, and also by many kinds of food especially when they are present 
in the stomach. Mental work also enhances the activity of glandular 
organs of several types Inhibitory influences upon the salivary glands 
anse from violent effort, rapid movement, and prolonged strain Most 
people are aware of the dryness of the mouth which occurs in running, in 
games such as football and tennis, and m athletic sports generally, and it is 
a common practice to counteract the inhibition of the salivary glands thus 
produced by the enhancing action of the chewing reflex promoted by the 
use of gum Lashley found no sahvary influence e xer ted by visual, audi 
tory, or tactile stimulation under the conditions of his experiments 

Muscular fatigue may depress the memory, while excitement and appre- 
hension are often found to enhance it Impassioned emotional states 
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have widespread physical effects Fear inhibits the flow of saliva as many 
an inexperienced speaker has found to his discomfiture Hunger, which 
is due to the muscular contraction of the stomach, mduces weakness of 
the knees Many additional instances of the influence of stimulation of 
one part of the organism upon the responses of other parts can no doubt 
be found 

In nerves themselves Erlanger and Gasser (7) have found evidence of an 
oscillation in excitability After a nerve fibre has been excited by electrical 
stimulation, the threshold of response falls to a steady state through a 
senes of three oscillations of diminishing amphtudes in which the threshold 
values are alternately lowered and raised The penod of these oscillations, 
0 005 second, is, however, of an order of magnitude much different from 
those of 3 minutes which are descnbed in this communication The two 
values are perhaps scarcely comparable, smce the short penod oscillations 
are those of a single nerve fibre, while the long penod oscillations are 
concerned with large numbers of fibres, their receptors, and their cortical 
terminations 

1 In the present investigation the wnters have brought forward evidence 
of a precise character to show how stimulation of three sense organs influ- 
ences the responsiveness of vision It is found that stimulation with red 
light, sound, quinine, and odors produces by its immediate action much 
the same effect upon vision, which is the depression of the red sensation 
and the enhancement of the green, the violet sensation for some reason 
being sometimes depressed and at other times enhanced m sensitivity 
The magnitude of the visual effect seems m all cases to be about the same 
Since stimulation of various senses demonstrably affects vision, stimulation 
of the eyes probably reciprocally affects those senses Perhaps all sense 
organs are so interrelated that stimulation of any one of them influences 
all others either by enhancing or depressmg their responsiveness It 
cannot therefore be maintained that the sense modalities are wholly 
independent of each other While the validity of Muller’s law of “specific 
energy” is not impugned, some modifying power upon the quality of 
response of one organ is nevertheless exerted by stimulation of other 
senson receptors 

2 An examination of the graphs presented above shows that stimulation 
of each of the senses selected for experimentation has affected the re- 
sponsiveness of the visual organs in the three parts by ■which the colors, 
red, green, and violet, are perceived These results afford, therefore, a 
striking confirmation of the provisions of Young’s tncomponent theory 
of color vision which postulates the existence of three fundamental color 
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sensations, red, green, and violet It is further Bhown that these primary 
sensations are not independent of each other and that they are not all 
affected in the same way For while the red sensation is depressed in 
sensitivity, the green is enhanced It seems to be impossible to stimulate 
or influence w any manner a single color sensation alone 

3 It is shown also in the case of stimulation of the ear, that the intensity 
of the stimulus may be a determining factor in producing enhancement or 
depression of the sensitivity of the visual sensations For it was found 
that loud and weak tones of the same low pitch evoked opposite conditions 
of responsiveness m the organ of vision Also, it was shown that stimula- 
tion of the left ear evoked an enhanced visual response in the right eye 
It was formerly demonstrated by Allen (2), Hollenberg (3), and Weinberg 
(5) that weak and strong stimulation of the senses of vision, touch, and 
taste similarly produoed opposite effects on the sensibility of the organs 
directly involved 

4 One of the most outstanding characteristics of the graphs under 
discussion is the reversal of sensitivity of the visual sensations which they 
reveal as apparently a function of the duration of the interval of rest 
between the termination of stimulation of any sense organ and the measure 
ment of the critical frequency of flicker While m the experiments de 
scribed in this communication the organ of vision is the only one tested 
for the oscillatory effect, it is doubtless the case that all the sense organs 
possess the same remarkable character This oscillation of responsiveness 
ha3 been shown by Alien and O’Donoghue (4) to occur in the post-contrac 
tion of the arm after both ipsilateral and contralateral stimulation It 
seems to be the case, therefore, that when stimulation of any part of the 
organism occurs, the responsiveness not only of that part but also of all 
other parts neurally connected with it is disturbed, and the normal resting 
equilibrium is restored by a short senes of oscillations of sensitivity in 
which the organs are alternately depressed and enhanced in responsiveness 
or excitability Though the oscillation appears as a function of tunc, it Is 
probably a cellula r or molec ular condition of the central areas that fluctuates 
m activity 

Since the responsiveness of the sense of vision oscillates after stimulation 
has occurred, the character of observations or measurements made m 
such circumstances would appear to depend on the time which has elapsed 
after the ter mina tion of stimulation, or, in other words, on the phase of 
oscillation which is predominant at the moment By neglecting this 
factor, many contradictory observations in experimental investigations in 
color vision have doubtless occurred 
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5 In the study of conditioned reflexes it has been found that new reflexes 
can be gradually substituted for habitual or unconditioned ones on a very 
exact and extensive scale Those reflexes have demonstrated the existence 
of unused neural channels which connect the cortical areas and to some 
extent new activities have been built upon them While much knowledge 
has been acquired concerning the character of these reflexes and the manner 
of establishing them, little seems to be known of the neural mechanisms 
upon which they are founded The present investigation seems to deal 
with those modes of behavior of the central organs which he at the basis 
of conditioned reflexes The cerebral cortex has been described by Myers 
as a vast unravelled complex The present experiments on the reciprocal 
actions of central areas seem to constitute an additional method by which 
material progress can be made in the unravelling process 

6 It may be safely inferred that stimulation of any sense organ influences 
all other sense organs in their excitability There results, in consequence, 
an oscillatory condition of sensitivity which changes in state m each case 
by internal reactions governed by the lapse of time The field of conscious- 
ness, to the extent m which it is based on the fluctuating responses of a 
delicately interlocked system of the senses, can scarcely remain constant 
under the ceaseless impact upon it of stimuli arising from the outer world 
and from the organism itself These requirements, therefore, afford some 
physiological basis for the widely accepted Gestalt system of psychology, 
m which sensory presentations are not to be regarded as the narrowly 
restricted phenomena of individual organs, but as perceptual patterns 
where now one and then another sensation predominates above the rest 

7 One of the writers (Allen) has in numerous researches on sensory 
activities generally regarded the central organs as unchanging in sensitivity, 
and the receptor organs as mechanisms which fluctuate in excitability 
when stimulated One result of the present experiments is the demonstra- 
tion that a central sensory area oscillates m sensitivity when the receptors 
of other sense organs are stimulated, and also when the receptors to which 
it is directly attached are stimulated To ascribe those phenomena of 
vision, m which fluctuation or alteration of intensity of response is con- 
cerned, to the retinal receptors exclusively is now clearly seen to be er- 
roneous Many such phenomena must originate m fluctuations of 
responsiveness of the central organs The modification of the hues of 
contiguous fields of color by their mutual action upon each other, known 
as simultaneous contrast, is one group of phenomena which would now 
appear to arise in the central centres of vision and not in the visual re- 
ceptors in the retina One cannot, however, arbitrarily assign either to the 
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peripheral or to the central organs the phenomena of oscillation AH 
parts of the sensory apparatus, peripheral, intermediary, and central, have 
important functions to perform in the excitation of sensations The 
complete sensory apparatus from periphery to centre must be regarded 
essentially as a unit, and stimulation, response, and radiating influence 
upon other organs are to be viewed as but the several aspects of its complete 
and complex function 
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INTRODUCTION 

Kruep (1907) and others observed many years ago that several species 
of Fttcus eggs form Arnolds on Ae least illuminated sides when Aey are 
illu min ated from one side by white light The plane of Ae first cell 
division, and Ae developmental ana, are also determined Winkler (1900) 
and Knapp (1931) have shown Aat Cystosera eggs respond in a similar 
manner Hurd (1920) investigated Ae effects of different regions of Ae 
visible spectrum on Ae eggs of a gpeaes of Fucus, Aen known as F infiatus, 1 
from San Francisco Bay She used Wratten filters to obtain violet, blue, 
green, yellow, and red light from sunlight and from arc sources A large 
proportion of Ae energy transmitted by Aese filters was contained in a 
fairly narrow Bpan of wave-lengAs, The intensity was measured, and in 
some experiments it was equal Aroughout Hurd found Aat Ae place of 
rhizoid origin was determined onlj by Ae shorter wave lengths, * e , by 
Ae violet, blue, and probably by Ae shorter green (\4000 to 5200 or pe Aaps 
somewhat more Angstrom units) Some evidence Aat ultraviolet might 
be effective is referred to m Ae summary, but no results or information arc 
given, and investigation of this region of Ae spectrum does not appear to 
have been pursued The longer wave-lengAs of Ae visible spectrum, 
5800-7000 A, had no effect even when Ae intensity was relatively high 
The same wave lengths Aat determined Ae place of rhizoid origin (4000- 
5200 A) also caused negative geotropism of Ae growing rhizoid 

A number of oAer factors may also determine Ae place of rhizoid origin 
These factors, and some of Aeir interrelations, have recently been reviewed 
(Whitaker, 1940 a), and Aerefore at present Aey will merely be listed 
They include Ae presence of neighboring Eggs (Kmep, 1907, Hurd, 1920, 

•This work hu been supported In part by funds granted by The Rockefeller 
Foundation. 

1 Probably F n Hr nr In Gardner’s (1922) more recent classification, and sun 
P furcatxs 
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Whitaker, 1931), especially in acidified medium (Whitaker, 1937 a, 
Whitaker and Lowrance, 1940) , diffusion gradients resulting from develop- 
ment near one end m a capillary tube (Whitaker, 1937 b ), electric current 
(Lund, 1923), pH gradients (Whitaker, 1938), temperature gradients 
(Lowrance, 1937), stratification by centrifuging (Whitaker, 1937 c, 1940), 
artificially imposed elongation (Whitaker, 1940 b ) , gradients of beta-mdole 
acetic acid (Olson and Du Buy, 1937) 

The experiments now to be reported were undertaken to test the effects 
of unilateral monochromatic ultraviolet light 

Material and M ethod 

Fncus furcatus was collected at Moss Beach and at Pescadero Point, California, 
and gametes were obtained by methods which have been described previously (Whitaker, 
1936) The eggs are somewhat variable in size, ranging from 65 to 90 p (average 75 p) 
in diameter Experiments were earned out from January to May, inclusive, 1940 
This species of Fticus is hermaphroditic and fertilization takes place when the capsules, 
each contaming eight eggs, dissolve and liberate the eggs into sea water in which sperm 
are already sw imming The dissolution of the capsules can readily be observed under 
the microscope, and eggs were selected which had been fertilized during a span of 10 
minutes The midpoint of this span is the time of fertdization ± 5 minutes Eggs 
were shed and fcrtihzed m filtered sea water (specific gravity, 1 026-1 027), at pH 8 0- 
8 3, in the dark or in red light in a constant temperature room at 15 ± J4°C 

Eggs were reared in the constant temperature room approximately until the tune of 
irradiation After irradiation they were kept in a constant temperature cooled incu- 
bator, which was usually at about 15°C During the irradiation the temperature 
approximated 15°C , although the system of control was not precise m this case In all 
cases the eggs were constantly shielded from light which affects the rhizoid formation, 
except for the experimental exposure to ultraviolet, until the final results w r ere observed 
Immediateh after fertilization the eggs secrete a pecten or cellulose-like jelly which 
gradualh hardens to form a firm but sticky investing cell wall By about 2 hours or 
somewhat longer this material attaches the eggs quite firmly to the bottom of the dish 
so that thci do not roll or move if carefully handled It was, of course, essential to 
minimize mov ement of the eggs after the irradiation, smee there are no visible markers 
or points of reference on the spherical eggs The culture vessels were handled w ith great 
care and were kept in the incubator in a levelled moist chamber mounted on sponge 
rubber to reduce vibration The results were usuallj recorded at about 24 hours after 
fertilization, v hen well developed rhizoid protuberances are present In certain cases 
after strong irradiation, however, the development was considerably delayed 

The eggs were grown and irradiated m six culture vessels made of clear fused quartz 
1mm thick These vessels were made in the form of cubes, 1 cm X 1 cm X lem, with 
open tops Tv o opposite sides of each v essel were polished on the outside The eggs 
were spaced thinlv ov cr the square centimeter of v essel bottom and w ere irradiated from 
the s de so that the direction of rhizoid formation could be observed from above No 
eggs were counted which were within 5 egg diameters of another egg, or of a vessel wall, 
and most eggs were considerablv further apart A lip pipette was used to space the eggs 
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Although the quartz vessels were well made and the sides were quite well aligned, 
fused quartz Is difficult to work and, as the results ultimately indicated, the«e dishes 
were not optically perfect nor did they all deliver identical doses to the eggs on the 
bottom This was true even when the eggs were thinly and similarly spaced. There 
was inevitabl e a certain amount of eclipsing in the populations Irradiated from the side, 
although the incident beam slanted downward approximately 3* to reduce the eclipsing 
In a given set of experiments the eclipsing like most other factors, was essentially 
similar throughout It is hoped to obtain vessels of a different design for future work 
and to know precisely the dosage received by each egg In the present experiments 
the absolute intensity of the beam reaching the face of the culture vessel Is known quite 
preosel), but the dose actually reaching the eggs In the populations is known only 
rthtrvel) It must also have varied somewhat for different individual eggs in a popula 
lion, although differences In response in different regions of the bottom of the vessel 
were small. Some vessels consistently gave somewhat greater response than others 
This was probabl} due largel> to differences in dosage received b> the eggs due to differ 
ent optical properties in the region of junction of the bottom and side of the vessel 
Such differences were not great compared with those resulting from the differences In 
applied dosage and they tend to cancel out when the result! of different experiments 


are averaged. 

The total energy applied to the tide of the culture vessel, and the loss in passing 
through 1 mm. of fiat polished quartz into sea water are known quite precisely The 
absorption of A2804 A b> the lea water in the culture vessels was found by direct meas- 
urement to be negligible. If the sides of the culture vessels were optically perfect, and 
if there were no eclipsing the unit of dosage used m this paper would represent \2 ergs 
per mm * applied to the eggs. In view of these two undetermined correction factors 
however, 1-2 ergs per mm* must instead be regarded as the order of magnitude of the 


energy actually applied to the eggs. 

Dr Arthur Giese kind!} permitted use of ha ultraviolet equipment, which alums 
on usually high intensity and monochromatic preosmx The source was a large mercury 
are operated on A-6 amperes of direct current supplied bj a 220 volt generator Special 
devices maintained a rdstiveh constant current. After passmg through a slit, the 
beam passed through a monochrometer with two Urge quartz crystal prisms, and Jemet, 
which separated the bands of different frequency To farther punfy, selected band 
was admitted through another tht and pass'd through a second sosodsoseter with 
lenses and a single large fused quartz pnsm. At the s: e o' inadiatum the emergmg 
rnonochromatic beam was elliptical m cross-sectma and Urge eus/ugh, with a crovtm'ut 
nurgm to cm er the mure «<fe of » <*Lxt z*Af <==* -=> 

The nty, w* near!) panlM b* < E ^ d 

light «u measured b> atm of a umrgjfr* 

uometer Tht thermae «s mad- £=««> ***- It ™ taKtexrf * tb 

fine block which absorbs all frequemues " ' 


It has been shotm earber OVh,tzier xzi Lorr-^cr, 1930) tot &r 
response of a population of 10 ff*** &===*** hr 

Itfiht from a frosted 40 watt deetrt U=? a- 1 -J&= j&=> ^ 
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Fig 1 Curves a and b show the results 
of two different series of experiments earned 
out at different times of the year and under 
somewhat different conditions (see text) 
The vertical axis indicates the percentage of 
eggs which formed rhizoids on the halves 
awaj from the source of radiation (X2S04 A) 
after unilateral irradiation The horizontal 
axis shows the dosage on a logarithmic scale 
1 unit of dosage represents the application 
of 1 2 ergs per mm - to the side of the cul- 
ture This is not necessanly the amount of 
energj receii ed bj each egg (see text) 

Curve a shows the results of expenments 
earned out m Januarj Each point repre- 
sents the a\ erage of six to se\ en expenments 
involving a total of 354 to 461 eggs Rhi- 
zoids were inhibited by a dosage of 20,000 
units 

Curve b shows the results of expenments 
earned out m March Each point repre- 
sents the av erage of twentv expenments in- 
\ oh ing a total of 1529 to 2200 eggs 


the eggs have been fertilized Thi 
exposure for 1 hour beginning 
hours after fertilization (15°C ) ha 
almost no effect, while a simile 
exposure beginning 7 hours afti 
fertilization caused 97 per cent ( 
the eggs m a population to fori 
rhizoids on the side away from tb 
light The response was nearl 
maximal throughout the peno 
7-1 1 hours after fertilization Th 
rhizoid protuberances do not begi 
to form until some time later, 12-2 
hours (average 18) after fertilize 
tion (Whitaker, 1936) 

In view of the results with whit 
hght, the first exposures to ultra 
violet were started between 7 an 
10 hours after fertilization Afte 
preliminary results had shown thal 
high percentages of the eggs re 
sponded, the magnitude of the re 
sponse was studied with respect t 
two variables the amount of ra 
diation, and the time after fertibza 
tion when it was applied 

The First Series of Expenments 

The first senes of expenment 
was earned out through most o 
January, 1940, using X2804 A 
The dosage (total energy) appliec 
to populations was 10, 100, 1000 
5000, 10,000, and 20,000 units 


The intensity of the beam did not vary greatly m the different expen 
ments and the dosage was vaned principally by varying the duration o 
exposure The time required to apply the vanous dosages was usually ap 
proximateh as follows 10 units, 7-7 5 seconds, 100 units, 70-90 seconds 
1000 units, 1 H— 15 mmutes, 5000 units, 55-62 mmutes, 10,000 units, 1 houi 
55 mmutes-2 hours S mmutes, 20,000 units, 4-5 hours 
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The results of this first senes of experiments are shown graphically in 
Fig 1, curve a Each point is the average of either slx or seven experiments 
involving a total of 354 to 461 eggs. When no radiation at all is applied, 
the rhizoids form in random directions so that 50 per cent form on the 
halves of the eggs away from either side of the vessel The effect of the 
radiation is therefore indicated by the excess above 50 per cent which form 
rhizoids on the halves away from the source of radiation The total 
energy applied is shown on the horizontal axis on a loganthmic scale. It is 
clear that the curve is approximately a straight toe over most of the range 
of response, from low to near maximal At both 5000 and 10,000 units the 
response was maximal , slightly more than 98 per cent of the eggs formed 
rhizoids away from the source of radiation The percentage was 100 m 
half of the populations irradiated with 5000 and 10,000 units After 
strong irradiation, especially after 10,000 units the rhizoids of most of the 
eggs formed very nearly opposite the source of the ultraviolet light, as 
shown m Fig 2 

In three experiments of the first senes cultures were irradiated with 
20,000 units The irradiation began at approximately 8 hours after fer 
tiUzation and lasted 5 hours in two cases and 4 hours in the other In the 
first two cases no rhizoids whatsoever developed while in the third case 
22 out of 165 eggs formed rhizoids, mostly delayed, and the remainder 
formed no rhizoids None of the eggs which failed to form rhizoids were 
cytolized It appears, however, that this dosage is almost completely 
inhibitory to rhizoid formation 

Visible Contamination of the Monochromatic Beam 

Although the monochromatic beam of X2804 A which emerged from the 
second monochrometer was of an unusually high degree of punty, the dark 
adapted human eye could detect a slight content of bluish or violet visible 
light This was presumably the result of a small amount of scattering 
withm the prisms, and it was perhaps even more due to fluorescence of the 
quartz prisma’ Since no information exists as to the minimum dosage of 
visible light which will affect a population of Fuats eggs, a collateral senes 
of experiments was designed to show conclusively whether the observed 
results are attributable to the ultraviolet and not to the minute amount of 
visible light. Two plates of clear glass each 6 4 mm thick were interposed 
to absorb the ultraviolet whde permitting the visible (as well as long ultra 
violet, if any ) to pass. The radiation which passed through the glass was 

* The wavelength 2537 A caused a considerably more marked fluorescence of the 
fused quartz pnim 
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I ig 2 Photomicrograph of a small area of the bottom of a quartz culture vessel 
after rhizo d' ha\e formed The culture was irradiated (X2804 A) umlateralh from 
the left hand 'tde during the period 7-9 hours after fertilization v ith 10,000 units (1 unit 
repre'Cnting 1 2 erg' per mm : applied to the side of the culture (see text)) The 
rhizo d' hax e formed on the hah e' of the eggs ana\ from the source of radiation 

tested on sexen populations of Fucus eggs at 7-8 hours after fertilization 
The dosage applied would haxe been 1000 units xxere it not for the mter- 






* * * 
♦ r 

* l 


1 t 


D II. WHITAKER 


269 


ccption of ultraviolet by the glass. In these seven experiments 52 3 per 
cent of 652 eggs formed rhizoids away from the light Since six of the 
seven dishes showed a slight increase above 50 per cent, a small response 
appears to exist An inspection of curve a, Fig 1, shows that if the glass 
had not been present, 1000 units would have caused 93 per cent of the 
rhisoids to form away from the light If curve a, Fig 1, is extrapolated 
to 52.3 per cent, it is found that this response would be expected from a 
dosage of 2 units, which is 0 2 per cent of 1000 units. It is clear therefore 
that almost all of the response m the experiments represented by curve a, 
Fig 1, is due to ultraviolet light The small response when the glass is 
interposed may be due to the visible light, but even it is probably due 
more to ultraviolet since nearly 0 2 per cent of X2804 A may reasonably 
be expected to pass through the glass. 

Fluorescence of the Vessels 

During irradiation with X2804 A, the walls of the quartr culture vessels 
emit a very dim visible light as a result of fluorescence To test the effect 
of this fluorescent light four culture vessels containing populations of eggs 
which had been fertilized 7 hours were placed beside similar vessels and 
eggs which were directly in the ultraviolet beam The vessels not m the 
beam were separated from those in the beam by 6 4 mm of plate glass to 
stop any reflected ultraviolet while permitting the visible fluorescent light 
to pass The vessels in the beam were irradiated with 10,000 units over a 
period of 2 hours The eggs in these vessels responded as m curve o, 
Fig 1 (98 per cent) Of 257 eggs which were subjected only to the fluo- 
rescent light coming from one side, 50 2 per cent formed rhizoids away from 
the light. Two of the populations formed slightly more and two slightly 
less than 50 per cent awaj The dim fluorescent light from the walls of 
the vessels is thus seen to be ineffective 

The Second Senes of Expermtenis 

A second senes of experiments was earned out, principally in February, 
in which a constant dosage (5000 units) was applied at a variable tune after 
fertilization Throughout the whole senes the variation in intensity of the 
beam was such that the tune required to apply 5000 units ranged from 45 
to 62 minutes With a few exceptions, the irradiating was started exactly 
at the beginning of each hour from 3 to 10 hours after fertilization The 
results are shown in Fig 3, m which the points are located on the time 
(horizontal) axis at the midpoint of the penod of irradiation Each point 
represents the average of the results of five to seven experiments involving 
a total of 410 to 665 eggs, except that the last two points are based on fq 
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experiments It is seen m Fig 3 that the response of the eggs is not great 
until some time after fertilization It does not become maximal until the 
interval 7-8 hours after fertilization, but it remains maximal for some time 
thereafter In these respects, and m general, the increase m response with 
age resembles the response to white hght (Whitaker and Lowrance, 1936) 

Eggs were not irradiated earher 
than 3 hours after fertilization be- 
cause they do not become firmly 
attached to the bottom of the dish 
until nearly this time 

The Third Senes of Experiments 

In March, m the course of some 
other experiments, it was found 
that the responsiveness of the eggs 
had apparently increased The 
Fucus had also come into full ripe- 
ness Gametes were shed copi- 
ously, m contrast to the condition 
in January, and the vegetative 
spring growth of the plants had be- 
gun In the January experiments 
(curve a, Fig 1) the six quartz cul- 
ture vessels had been used at ran- 
dom, without mark or distinction, 
and either polished side had faced 
the beam By March one of the 
six vessels had been broken and 
the remainder had been numbered 
It had been found that some of 
the vessels consistently gave higher 
percentages than others, and that 
the two polished sides of some of the vessels also differed significantly 
In -v icv. of the apparent increase in sensitivity of the eggs, a third senes 
of experiments in general similar to the first, was earned out in March 
to test again the loganthmic relation of response and dosage which was 
found in the first senes An equal number of experiments with each ves- 
sel vas carried out at each dosage so that differences in the vessels would 
cancel out v ith equal weighting in the averages The same side of each 
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Fig 3 The \ertical axis indicates the 
percentage of eggs w hich formed rhizoids on 
the halves aw a> from the source of radia- 
tion (X2804 \) after unilateral irradiation 
The horizontal axis indicates the time after 
fertilization when a dosage of 5000 units 
was applied, 1 unit representing the applica- 
tion of 1 2 ergs per mm 2 to the side of the 
culture (sec text) Dosage was applied dur- 
ing a period of 45 — 62 minutes, and the points 
on the curve are placed on the time axis at 
the midpoint of the period of exposure 
Each point represents the average of four to 
seven experiments involving a total of 410 
to 665 eggs 
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vessel faced the beam Twenty experiments, m the course of which each 
vessel was used four times, were earned out at each of the following dosages 
1, 5, 10, 100 units At each dosage 1529 to 2200 eggs were counted In 
all cases the eggs were irradiated within the penod 8-9 hours after fer- 
tilization, and the duration of the irradiation was approximately as follows 
1 unit, 0 7-0 8 seconds, 5 units, 3 2-3 6 seconds, 10 units, 5 8-7 0 seconds, 
100 units, 60-71 seconds 

The results are shown m Fig 1, curve i> It is seen that the eggs re- 
sponded with greater sensitivity than they did in January (curve o) Since 
the quartz vessels were used differently, it is not certain how much of this 
mcreaBed sensitivity is due to a difference in the eggs and how much is only 
apparent, due to the eggs having actuallj received a greater amount of 
ultraviolet per unit applied to the vessel A somewhat greater number of 
eggs was placed in each vessel in the March senes, due to improved tech 
mque, but the population density was quite uniform throughout the senes 
The greater number of eggs would tend to increase the eclipsing and reduce 
the average amount of energy received by the eggs Curve b, Fig 1, is 
very nearly parallel to curve a, and it is also essentially a straight line over 
the range covered, confirming the loganthmic relation of dosage and 
response. 

Other Wave Lengths 

Four shorter wave-lengths, 2654, 2537, 2482, and 2345 A, were tested 
in an exploratory wav In a number of similar expenmen ts to see if they also 
could determine the place of rbizoid ongin All of these wave-lengths were 
highly effective, and m sufficient dosage caused 100 per cent of the rhizoids 
m some of the vessels to form away from the source of radiation While 
the results are inadequate to permit an exact companson of the effectiveness 
of these wave-lengths with each other and with X2804 A, it can safely be 
said that their effectiveness is of the same order of magnitude Some of 
them arc probably more effective than A2804 A 

Two longer wave lengths were also tested X3130 and 3660 A These 
were effective, but only when more total energy was applied A great 
increase of total energy was necessary to give high percentage response. 
Very much larger doses were also received by the eggs without inhibition 
of rhncoid formation 96 per cent of the eggs formed rhizoids awaj from the 
source of radiation when 577,000 units of X3130 A were applied, and 
1,000,000 units of X3660 A caused 100 per cent of the eggs to respond m a 
similar manner These large dosages were applied at a rapid rate. It 
may be recalled that 20,000 umta of X2804 A inhibited rhizoid for 
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Absorption 

Five measurements were made of the extent to which a beam of X2804 A 
is extinguished in passmg through a smgle layer of Fucus eggs Fertilized 
eggs v. ere packed tightly on the bottom of a cylindrical depression in a 
quartz shde by means of a hp pipette Unusually large and small eggs 
v, ere discarded The average diameter of the eggs m these measurements 
was 7 6 ju The shde had been pamted black except over the bottom of the 
depression containing the eggs The mtensity of the beam from a constant 
source was measured after passmg through the shde with sea water in the 
depression, and again when a smgle layer of packed eggs was on the bottom 
of the depression In the first two measurements, one on eggs fertilized 
2 hours and the other on eggs fertilized 6 hours, the total area of the eggs 
v, as estimated by calculating the average projected area of the eggs from 
measurements of diameter, and counting the total number of eggs in the 
depression (approximately 3800) From the mtensity measurements and 
the percentage of the total area covered by eggs it was calculated that in 
both cases 100 per cent of the radiation incident on the eggs was extin- 
guished In three other measurements eggs were used which had been 
fertilized 3, 31, and 62 hours and another method of calculation was em- 
plo\ ed Perfectly packed spheres of the same diameter cover in projection 
90 7 per cent of the total area Assuming that Fucus eggs do so, it was 
calculated from the mtensity measurements, with and without eggs in the 
depression, that 96, 95, and 97 per cent of the radiation incident on the eggs 
w as extinguished in the three cases Actually the geometric fit of the eggs 
v. as not perfect and the total space between eggs was probably somewhat 
more than assumed If so, the percentage extinction would be shghtly 
greater than calculated It therefore appears that very nearly if not all 
of the beam incident on the eggs is extinguished whether the eggs have been 
fertilized 2, 3, 31, 6, or 62 hours Extinction results from the combined 
effects of absorption and scatter 

Three similar measurements of extinction of a beam of X3660 A indicated 
86, S4, and S7 per cent extinction The second method of calculation 
mentioned abo\e was used, and the eggs had been fertilized 7, 3|, and 61 
hours The extinction of X3660 A is thus definitely less than the extinction 
of X2S04 A Although it is not known what part of the extinction is due 
to absorption and what part to scattering, it appears that X3660 A is less 
absorbed than X2S04 A Howe\er, the difference in proportion of energy 
absorbed b\ the eggs in the two cases is not nearly so great as the difference 
in effects eness of the two wave-lengths While 100 units of X2804 A 
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caused more than 90 per cent of the eggs to form rhusoids away from the 
source of radiation, 50,000 units of X3660 A caused slightly less than 90 
per cent to do so 20,000 units of X2804 A inhibited rhizoid formation, 
while 1,000,000 units of X3660 A did not It is quite possible that X2804 A 
and shorter wave lengths are absorbed largely m the cortex of the egg so 
that the effect may be very concentrated locally, and conducive to a sharp 
gradient 

DISCUSSION 

Heilbrunn (1937) and Heilbrunn and Mana (1936) review some of the 
general effects of ultraviolet radiation on protoplasm and ate original 
sources It appears probable that cell membrane permeability is locally 
increased, and that the surface charge, at least of certain bacteria, is de 
creased The visoosity of the interior of many cells is increased, after a 
transitory decrease The increase begins at the cortex and spreads inward 
The viscosity increase is dependent upon calaum, and Heilbrunn (1937) 
attributes the internal increase of viscosty, as well as other effects of 
ultraviolet, to a release of protein bound calaum from the cell surface to 
the intenor 

Some of the effects of ultraviolet Sight are of a type tending to result 
from visible light as well, or from radiation m genera) Other effects, es- 
peaally those of a destructive nature which are caused by the middle and 
shorter ultraviolet, do not result from visible light Some of these effects 
may have pronounced physiological consequences without hilling the cells 
Unlihe visible light, ultraviolet activates a number of eggs (e g , starfish, 
Lillie and BaskerviUe, 1922 a, sea urchin, Lilhe and Baskervillc, 1922 b ), 
but only if calaum is present (sea urchm, Heilbninn and Young, 1930) 
Harvey and Hollnender (1938) have shown that short ultraviolet (X2260- 
2480 A) activates non nucleated fragments of sea urchm eggs, obviously 
by action on the cytoplasm Hollaender (personal communication) has 
also observed that ultraviolet activates Pucus eggs Ultraviolet Induces 
mutations in Drosophila (Altenburg, 1934) and m com pollen (Stadler and 
Sprague, 1936) X3130 A and longer wave lengths are relatively Ineffective 

m the case of the com pollen Wave lengths shorter than 3000 A are 
absorbed by proteins, which they denature (Clark, 1936), and they also 
inhibit plant growth (Popp and Brown, 1936) 

Since the place of rhizoid ongm in the Fucus egg may be determined by 
applying gradients of a considerable number of chemical substances and 
physical conditions (see Introduction), the fact alone that unilateral 
irradiation by ultraviolet light is effective gives no due as to which of the 
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general or more nearly specific effects of ultraviolet light is involved, or 
whether it is a combination of effects Fig 1 show T s that each successive 
increment of dosage is less effective than its predecessor m evoking further 
response of a population of eggs The response is proportional to the 
logarithm of the total dosage apphed The rhizoid formation itself is of 
course not a simple process, but this simple relation of dosage to response 
suggests that the radiation acts on the population m a relatively simple 
va) rather than through a complicated combination of general effects 
No conclusion can be drawm at present as to the mode of action of the 
ultraviolet in the egg, but two reactions in particular are suggestive and 
perhaps max be profitably considered The denaturation of protein, and 
the inactivation of growth substance (auxin) 

The action of ultraviolet hght on proteins is reviewed by Clark (1936) 
and is considered in a review 7 of protem coagulation by Anson (1938) 
\nson states that protein denaturation is a monomolecular reaction, and 
that denaturation bx ultraviolet probably breaks bonds not broken in 
ordinarx heat denaturation Denaturation is commonly followed by 
coagulation but even when it is not the viscosity of a protein solution is 
increased bx denaturation Clark (1936) cites xvork which indicates that 
denaturation causes a certain amount of pH change, acid solutions becoming 
more basic and vice versa Localized denaturation on one side of a cell 
might therefore result in an internal pH gradient Since Fitcus eggs do 
not transmit X2S04 A readily, such localization is to be expected It is 
alreadx known (Whitaker, 193S) that pH gradients can determine the 
de\ clopmental axis Denaturation would result in physiological and 
metabolic changes which would obviously be extensive and complicated 
Localized denaturation would give rise to gradients across the cell, and in 
the Fitctis egg the axis of differentiation may be determined by externally 
caused gradients of a number of substances and conditions, as postulated 
bx Child (1940) in his generalized concept of the origm of axial differentia- 
tion Full understanding of the nature of the differentiation processes 
must ultimatclx depend on discox errng their specific chemical basis 

If the response of rucus eggs to shorter ultraviolet results from localized 
protein denaturation, the effecti\ cncss of different wax e-lengths shorter 
than 2°00 V should correlate with the typical absorption curve of proteins 
\s indicated earlier the exploratorx measurements made at wave-lengths 
shorter than 2SQ4 V arc not adequate to show whether this is the case, and 
this question remains to be answered 
Plant growth is inhibited b\ short ultraxiolet, and one of the xxaxs in 
which it exerts its effect appears to be to mactixate or destroy growth 
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hormone (auxin) Went and Thimann (1937) m their monograph on 
phytohormones ate work showing that unfiltered ultraviolet inactivates 
auxin solutions almost completely Wave lengths between 2300 and 3300 
A inactivate auxin a lactone with great rapidity, and ultraviolet light can 
inactivate auxin a by shifting the place of attachment of an OH group 
Skoog (1935) has shown that hard x-rays inactivate auxin tn wlro and 
in nw 

Growth substance, or auxin, has been extracted from Fticus eggs by 
Du Buy and Olson (1937) Van Overbeek (1940) has recentl) shown 
that auxin is present in a number of algae m concentrations comparable 
to those in higher plants such as com and pea seedlings He has further 
shown m the brown alga Macrocystis that beta mdole acetic aad (hetero 
auxin), or a substance closely related to it, is present rather than auxin a 
or auxin b which are commonly found in higher plants. The presence of 
beta mdole acetic aad does not pro ve its activity m the growth of the plant, 
but activity in the algae is suggested both by the experiments of Olson and 
Du Buy (1937) who found that gradients of beta indole acetic aad can 
determine the developmental axis of the Fucus egg, and by van Overbeek’s 
observations on the differential distribution in Macrocystts which suggests 
hormonal function The beta Indole acetic add is most concentrated in 
young blades. The rfile of auxin in the rhixoid formation m Fticus has been 
recently discussed (Whitaker, 1940 a) and for present purposes it need 
merely be noted that inactivation or destruction, on one side of the egg, of 
beta indole acetic aad, or some auxin like substance active in rhixoid 
formation, might be an important factor in the present instance If the 
destruction extended throughout the entire egg, rhixoid inhibition would be 
expected and this is observed after strong dosages, without cytolysis or 
visible breakdown of the protoplasm 

The shorter wave-lengths of the visible spectrum also cause Fticus eggs 
to respond Whether the)’ act m the same way as ultraviolet of X2804, or 
less, Angstrom units cannot be deeded at present It is not known whether 
the response of a population to visible light follows the logarithm of the 
dosage Shorter visible wave-lengths axe known to affect the transport 
and activity of auxin m higher plants The fact that X2804 A, which has 
destructive powers not possessed by the long ultraviolet (X3660 A), is 
much more effective than X3660 A suggests that destructive effects arc 
involved in the action of X2804 A 

The eggs do not become fully responsive to ultraviolet light until about 7 
hours after fertilization, as may be seen in Fig 3 One explanation of this 
might be that some substance acted upon by the ultraviolet gradually forms 
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after fertilization and is not present m maximum concentration until after 7 
hours ha\ e passed A more probable interpretation is that the eggs reco\ er 
from the effect of irradiation after a number of hours and that at 7 or more 
hours after fertilization there is not time for reco\ ery before the rhizoids form 
The rhizoids begin to form m a population at about 12 hours after fertiliza- 
tion with the mode at 16-17 hours (Whitaker and Lowrance 1936) The 
formation of rhizoids m a population follows the form of a somewhat 
skewed probability curve so that on the basis of the recovery hypothesis 
Fig 3 would be expected to be a sigmoid curve A similar relation was 
found in the case of white light (Whitaker and Lowrance, 1936) although 
the eggs did not respond until somewhat longer after fertilization which 
suggests that they take somewhat longer to reco\er from the effects of 
X2S04 A although less energy was apphed 

SUIQLARY AND CONCLUSIONS 

1 When Fttcus eggs which have been fertilized for a sufficient length 
of time are irradiated umlaterallv with monochromatic ultraviolet light 
(\2S04 A) of adequate dosage. 97-100 per cent form rhizoids on the hahes 
of the eggs aw a} from the source of radiation (see Figs 1 and 2) 

2 The response eness of the eggs increases gradually after fertilization 
and docs not reach a maximum until about 7 hours at 15°C (see Fig 3) 
The first rhizoids begin to form m a population at about 12 hours after 
fertilization The responsvv eness remains maximal until at least llhours 
after fertilization 

3 It is suggested that the low responsiveness of a population of eggs at 
an earlier period is due to rccoa en from the effects of irradiation before the 
rhizoids begin to form 

4 The response of eggs to X2S04 A is proportional o\er a wide range, 
to the logarithm of the dosage (see Fig 1) Dosage was regulated by the 
duration of exposure during the period of maximum response 

5 High dosages of X2S04 A of the order of 10 000 ergs per mm cause 
the rhizo ds to iorm fairly precisely away from the source of radiation 
t^ce Fig 2^ Twice this dosage inhibits rhizoid formation altogether 
withoat cans ng catohsis 

0 Other wa\ e-lengths which ha\e also been shown to be effectne are 
3cv0 3130 2654 2537 24S2 and 2345 A Onl\ exploratory measurements 
hz\t bxn made to test the effectneness ol these wave-lengths but thei 
s'o. t p at much greater energ\ is necessary to obtain a strong response 
.\ *.h \5150 a"a 3o50 A especially the latter The wa% e-lengths shorter 
A -1 " yviii \ o -1 ’he other hand the same order of effectn eness as 

A Some na\ be mom effectne 
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7 A beam of X2804 A which is incident on a single layer of Fitcus eggs 
is completely extinguished at 2, 3, 6, or 6} hours after fertilization About 
85 per cent of a beam of X3660 A is extinguished The wave length 3660 A 
is thus not so completely absorbed as X2S04 A, but the difference m propor- 
tion absorbed by the egg is not nearly so great as the difference in 
effectiveness. 

The author is indebted to Mr Emerson Reed for assistance m carrying 
out the experiments. 
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I 

INTRODUCTION 

The discovery of the auxins and their activity in controlling plant growth 
has raised certain questions of a novel type Of these perhaps the most 
fundamental is that of the mechanism of the action namely, of how a single 
substance can bnng about the elaborate senes of changes that comprise 
growth Attempts at a solution of this problem have been made along 
the following three lines (1) study of the chemical nature of the auxins, 

(2) study of the mechanical changes, particularly those of the cell wall, 
which accompany growth, and (3) analysis of the intermediate stages 
between the supplying of the hormone and the first appearance of the growth 
phenomena. The results of these erpenments have been discussed by Went 
and Thimann (1937) and by Thimann and Bonner (1938) and need not 
be considered as a whole here The essential data pertinent to the present 
research are as follows 

A dose connection exists between growth and respiration At least in 
the Aetna coleoptHe, growth will not tale place without respiration, and if 
respiration is partially reduced by treatment with the proper concentration 
of cyanide, growth is reduced to the same extent (Bonner, 1936) 

A dose connection also exists between growth and protoplasmic stream 
mg Those concentrations of auxin which accelerate growth also accelerate 
the rate of streaming, and the effect on streaming is observable long before 
any effect on growth can be detected (Thimann and Sweeney, 1937) 

For both growth and streaming sugar plays an essential r6!e as an accessory’ 
substanoe, it increases the amount of growth resulting from a given auxin 
concentration (Schneider, 1938), and it prolongs the accderation of stream 
mg caused by auxin (Sweeney and Thimann, 1938) 

The effect of various respiratory substrates on growth also serves to 
indicate an interrelation between growth and respiration Thus, sugar is 
essential to the growth of isolated coleoptile sections, and the four carbon 
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acids, malic and fumanc, when supplied together with auxin and sugar 
further increase the growth of such sections This latter finding, which was 
observed in certam preliminary experiments, served as a guide to the w orh 
to be discussed, and it will be shown that this effect sheds a good deal of 
light on the relation between auxin and respiration 

All these data point m the direction of close interrelation between the 
processes of growth and respiration Several attempts have been made to 
demonstrate some respiratory effect of auxin However, in all cases the 
addition of auxin (in concentrations which accelerate growth) had no effect 
on the rate of respiration of Avena coleoptiles (Bonner, 1936, 1 Van Hulssen, 
1934) It was apparent therefore, that the problem called for an examina- 
tion in greater detail 

The present paper represents a study of the relation between growth and 
respiration m the Avena coleoptile, and an attempt to analyze the physio- 
logical basis of the effects of auxin 


n 

Materials and Methods 

4t cua coleoptiles were grown in the usual way on filter paper in a dark room at 24 °C 
and S5 per cent relative humidity, with occasional red light The plants were used at 
the age of 76 hours from the time of soaking unless otherw lse stated 

As auxin, pure indolc-3-acetic acid was used throughout The mahc acid used was 
decolorized and recry stalhzed from a c p sample All solutions were made up freshly 
once a w cek Acid solutions w ere neutralized to pH 6 8 w ith KOH 

Measurements of growth were made on isolated sections of the coleoptile 3 mm long 
placed on combs floating on the surface of the solution used (as described by Schneider, 
193S) Thirt\ sections obtained from ten coleoptiles were used in each such experiment 
Respiration was measured either in Warburg manometers using thirty sections or in the 
microrespiromcter pre\ mush described by Thimann and Commoner (1940) using only 
a single section In some cases the sections used for respiration experiments were 
measured for length by direct examination with a calibrated microscope (at the end of 
the run) The growth measurements were earned out m the dark moist room at 24° 
and the respirometer water baths were held at the same temperature and shielded from 
light 

m 

EXPERIMENTAL 

The fact that growth is dependent upon the presence of oxygen and that 
both grow th and respiration are proportional!} inhibited by cyanide, pro- 
xides a clue to the nature of the link between these processes 

1 In carl er v orl Bonner (1934) reported that growth substance stimulated the 
resp ration of 4-i r a coleoptiles He later concluded that this effect was due to im- 
p_nt e? in the preparation since subsequent measurements with pure crystalline auxin 
had ro effect (l Q 36i 
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The two end substances involved in respiration are oxygen and the sub- 
strate which is oxidized [eg , sugar) In many plant and animal cells the 
Warburg Keflin respiratory system appears to mediate 90 per cent of the 
oxidation According to this scheme, molecular oxygen is actuated by an 
oxidase enzyme, and the metabolite is prepared for oxidation by the system 
of dehydrogenases specific to it Intermediate carriers link these two 
ultimate enzymes Thus 

Oxygen -+ ccridue fcjr carrier! fc* dehydrogenase «- metabolite 

Cyanide poisons the (cytochrome) oxidase and thereby prevents the utilize 
tion of molecular oxygen Since the reduction of respiration caused by 
various concentrations of cy amde is ahvaya accompanied by a proportional 
decrease m growth, it is indicated that the oxidase is necessary for belli 
processes. On the other hand we know that respiration may take place 
without any accompanying growth, so that the same dehydrogenases cannot 
be necessary factors for both processes It follows that if any separation 
between growth and respiration is to be experimentally' effected, this must 
occur at the dehydrogenase end of the respiratory sequence. 

It was therefore decided to test the effect of various known inhibitors 
and accelerators of dehydrogenase activity upon the growth rate 

I The Effect of Dehydrogcnase-Adree Substances 

Growth measurements were made on sections of the Arena coleoptile, 
using the method described above. Combs carrying thirty sections were 
floated on solutions made up to a concentration of 1 per cent sucrose and 
1 mg per liter of mdole-3-acetic aad To this solution were added various 
dehydrogenase active substances and growth measurements made over a 
penod of about 48 hours 

Table I gives the relative growth in 24 hours of sections floated on the 
a anous solutions. From thi3 it can be seen that the complete activity of 
the various dehydrogenases is necessary for complete growth Urethane, 
which is a general inhibitor of dehydrogenases, causes a noticeable dumnu 
tion of growth Pyrophosphate, which Is known to inhibit the succinic 
dehy drogenase, has a more marked effect. Malomc aad, another inhibitor 
of sucamc dehydrogenase, has a simil ar effect on growth, while barbital, 
which is structurally related to malomc aad, exerts a more marked in- 
hibition 

The most striking reduction in growth was obtained with (mono) 
lodoacetic aad This effect which was noticed In p assing by Bonner ,, 
published) has been recently reported also by Howard 
(1940) Our expenmenta were earned out independently * 


282 


Growth and respiration In Ayena coIeoptile 


ard and McChntock but m so far as they are comparable our results do not 
disagree with those obtained by them 

Iodoacetic add is knovm to inhibit a number of dehydrogenases and 
related enzymes Among those enzymes affected are glyoxalase, "apozy- 
mase, lactic dehydrogenase, mahc dehy 7 drogenase, /S-hydroxybutync 
dehy drogenase, alcohol dehy T drogenase, a-glycerophosphate dehydrogenase, 
and phosphor) latmg enzyones (cf Cohen, 1939) The effect of iodoacetic 
aad on these enzymes seems greatly to depend on the concentration of the 
poison and on the state of the enzyme (: e whether in vivo, in vitro, etc ) 
and m some cases is m dispute However, in the present case, as the data 
presented below demonstrate, the iodoacetic aad effect seems to be rather 
specific 


TABLE i 


Substance 

Concentration 

Relative gTOwth 
in 24 his. 

Sucrose 

1 per cent! 

100 

■\UX13 

1 mg/1 ) 

Sucrose alone 

1 per cent 

54 

Iodoacetic aad -j- sucrose auxm* 

0 01 XI 

-12 

Malomc aad + sucrose auxm 

0 01 xi 

39 

Barbital -t- sucrose t auxm 

0 01 M 

7 

Urethane — sucrose -f auxm 

0 01 XI 

58 

Pvrophosphate - 1 - sucrose + auxm 

0 01 xi 

33 


* These solutions all include 1 per cent sucrose and 1 mg of auxin per liter 


The effect exerted on growth by various metabohtes which would be 
expected to be dehydrogenated by the coleoptiles is shown m Fig 1 
Sucrose of course, increases the growth of sections m auxm (Schneider, 
1938) In the presence of sucrose and auxm together, sucanate, malate, 
fumarate and pyrux ate all increase the growth rate over that in sucrose and 
auxm alone The acceleration of growth by the four-carbon di carboxy lic 
aads land pyruvic aad) occurs only after the first day of growth 

It is clear, therefore, that certain inhibitors (lodoacetate m particular) 
which are known to reduce the respiratory activity of various dehydro- 
genases are also inhibitors of growth Further, the four-carbon aads, and 
py ruvic aad which are known to constitute an important reversibly 7 oxi- 
oizable chain m the sequential processes of cell respiration (Szent-Gy r orgi, 
1935; accelerate the growth rate of coleoptile sections 

2 Tic Efcct of lodoacetate on Growth and Respiration 

In the light of the aboxe results it seemed important to examine in greater 
detail the effect of lodoacetate Growth measurements were made in the 
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usual manner, the sections being exposed to solutions containing 1 per cent 
sucrose, lmg of auxin per liter, and various concentrations of K iodoacetate 
The results are shown m Figs 2 and 3 



( Fio 1 The effect of instate (0 001 v) and succinate (0 001 n) on the time course of 

growth All solutions contained 1 per cent sucrose and at] but the sugar control con 
tamed 1 mg of auxin per liter 

These data demonstrate 
that the effect of lodoaoe- 
tate on growth is greatly 
dependent on ooncentra 
tion Concentrations of 
Iff-* or 10~* it actually 
accelerate the growth rate, 
while concentrations of 2 X 
1IH or greater produce a 
marked inhibition which 
t_ becomes complete at S X 

KH u The shape of the 
growth curve m Fig 3 is 
characteristic of the effect 
of many poisons and other 
active substances on enxymatic processes. Thus cyanide and carbon mono- 
xide in low concentrations sometimes accelerate oxygen consumption, and 
the effect of auxin itself on growth follows a similar curve (Thimann, 1937) 
The influence of iodoacetate on the respiration of coleoptile sections 
was tested over the same range of concentrations The respiration rates 
(obtained by Warburg measurements) are plotted in Fig 3 It is dear 



Fio. 2 The effect of various concentrations of 
iodoacetate on the time comae of growth All solu 
tiona contained 1 per cent sucrose and 1 mg of auxin 
per liter 







284 


GROWTH AND RESPIRATION IN A VENA COLEOPTILE 


that the effects of lodoacetate on growth and respiration are widely divergent 
At a concentration of 5 X 10 -5 h, while growth is completely inhibited, the 
rate of respiration is reduced but 9 per cent lodoacetate has no marked 
inhibitory effect on respiration until a concentration of 10 -4 m is reached 
In other words, while lodoacetate at 5 X 10 _B m completely blocks the 
growth processes m the Avena coleoptile, it exerts but a small effect on the 
respiratory processes It follows that the respiratory requirements of the 
growth processes cannot represent more than about 10 per cent of the total 
oxygen consumption, and further that this small fraction of the total 



Fig 3 The effect of lodoacetate on growth and respiration The growth was 
measured after 24 hour exposure to solutions containing 1 per cent sucrose, 1 mg of 
auxin per liter, and various concentrations of lodoacetate The respiration rate was 
determined after 4 hours and after 24 hours 

respiration which is so sensitive to lodoacetate is itself directly concerned 
with the whole growth process 

3 The Nature of the Iodoacetalc-Sensihve Process 

The aboxe data have showm that lodoacetate poisons a process (or 
processes) which, while m complete control of grow r th, involves but a small 
fraction of the respiration The next step was to elucidate the nature of 
this process 

4s a first approach the effect of various substances on the inhibition of 
grov th produced b\ lodoacetate was studied The substances tested 
included those which function as coenzymes or substrates in the enzyme 
processes which are susceptible of lodoacetate inhibition These were 
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added to solutions containing 1 per cent sucrose, 1 rag of auxin per liter, 
and 5 X 1C“* u lodoacetate Adenine, nicotinic acid, thiamin, and phos 
phate had no effect on the lodoacetate inhibition The positive results 
obtained are shown in Fig 4 It is dear that of the variety of substances 
tested, the four carbon di carboxylic acids, and pyruvic aad, s are alone able 
to counteract the inhibition induced by iodoacetate Comparison of this 
figure with Fig 1 shows that these substances even produced their usual 
acceleration of growth as compared with the sucrose-auxin control, s.e , 
the entire effect of iodoacetate was nullified 
This result enables us to make at least a tentative identification of the 
iodoacetate sensitive process Since the work of Sxent GyBrgyi (1935) 



HOUllS 

Fic 4 The effect of four-carbon acids and pyruvate (concentrations 0 001 u) on 
the lodoacetate Inhibition of growth. All solutions contained 1 per cent sucrose and 1 
mg of auxm per liter A11 solutions but the control contained 2 X HI 1 u iodoacetate 

it has been known that the four-carbon dicarboxybc acids function as res- 
piratory earners in most cells. This occurs by way of a senes of rever- 
sible oxido-reduction reactions 

Soccink taforaaric in malic to oxaloacetic* 

This sequence serves, m part, to carry the oxidative activity between the 
cytochrome oxidase and the dehydrogenases As radicated above, two of 
the enzymes which mediate these oxido-reduction reactions, malic and 
succraic dehydrogenases, are inhibited (at least in vitro) by iodoacetate 
It seems likely therefore that the lodoacetate-sensitive process in the Avtna 
coleoptile Is the senes of four-carbon aad reactions 

* The fact that pyruvate behaves In the same way as the four-carbon acids 1s doubt 
less due to Its participation in the four-carbon and respiration cycle (Krebs and Eggle- 
ston, 1940) 
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4 The Effect of the Four-Carbon Acids on Respiration 

Now, if the above deduction is correct it should be confirmed by an 
examination of the respiratory activity of the four-carbon acids It should 
be possible to show that the coleoptile can oxidize these compounds, and 
most important of all, that this respiration is in some way controlled by 
auxin The experiments which now follow are sufficient, it is believed, 
to establish these pomts 

Coleoptile sections which had been soaked overnight m solutions of 1 
per cent sucrose plus 1 mg per hter of auxin, or in sucrose alone, were treated 



Fig 5 The influence of auxin on the respiratory effect of malate The upper curve 
(closed circles) is for sections which were soaked overnight in 1 per cent sucrose plus 
1 mg of auxin per liter The lower curve (open circles) is for sections which were soaked 
overnight m 1 per cent sucrose only Malate (0 001 m) was added at the arrow mark 
The origins are arbitrary 

with 0 001 M malate and the effect on the respiration determined One 
set of sections was also soaked m a solution contaming sucrose, auxin, and 
the malate The respiratory rate of this set was determined on the 2nd 
day and at the same time the effect of adding malate to the sets soaked in 
sugar alone and in sugar plus auxin was measured The data presented 
in Fig 5 show that when 0 001 M malate is added to the sections, the respira- 
tion of those m sucrose alone is increased very slightly, while the sections 
in sucrose plus auxin exhibit a more marked nse in rate 

The presence of malate prevents the fall m respiratory rate which 
normally occurs during the 1st day after cuttmg This decrease in Qff 
can be recovered by addmg malate on the 2nd day, but the acceleration of 

3 Qo, as used in this paper, refers to the number of cubic millimeters of oxygen con- 
sumed by thirty coleoptile sections during 1 hour 
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respiration caused by the malate is much larger when auxin is present than 
m sucrose alone 

Hence it is apparent that the respiratory activity of malate is augmented 
by the presence of auxin This point will be further developed in the sec- 
tions below 


5 The Rupiralory Effect of A uxin 

It is now possible to return to the original problem which was the concern 
of the earlier workers, namely, what is the effect of auxin on the respiration 
of the Avena coleoptile? 

The work of Bonner (1936) and Van Hulssen (1934) showed that growth- 
accelerating concentrations of auxm have no effect on the respiration of the 
coleoptiles. All of their determinations were made on large numbers of 
coleoptiles m water or in a sugar solution However, the conditions of these 
experiments did not preclude the possibility that auxm might cause a small 
and transitory change in which could well be masked by the large 
number of coleoptiles in the respirometer In fact, the smallness of the 
fraction of the total respiration which is related to growth lent weight to 
this suggestion 

Hence these findings were checked by respiration measurements on a 
single 3 mm section of a coleoptile in the sensitive microvolumetnc respi 
rometer described by Thimann and Commoner (1940) A single section 
was placed in the respirometer immediately after cutting and floated on 
0 1 ml of distilled water, 1 per cent sucrose, or 1 per cent fructose After a 
stable respiration rate had been reached the apparatus was tipped and the 
section dropped into a solution identical with the original but containing 
auxm as well Fig 6 A which is one of a number obtained m the same 
waj shows that no significant change in the respiration rate can be ob- 
served, thus agreeing with the previous work on larger masses of tissue * 

However, the importance of the four-carbon acids, made clear above, 
suggested that the respiratory effect of auxm (if any) might be dependent 
on the presence of these substances Consequently, the above experiment 
was repeated by adding auxm to a section which had been previously soaked 
for several hours in a solution containing 1 per cent sucrose and 0 001 m 
K malate Fig 6B shows that an increase in Q 0t of about 14 per cent 
results from the addition of auxm in a concentration of 1 mg per liter 

* Du Buy and Olson (1940) using another method, also found little change in resplra 
tion when 1 mg per liter mdole-aceiic add and fructose was added to fre t cole 
tiles. Their published curve appears however, to show a slight Increa^ 1 
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The nse in respiratory rate occurs almost immediately and is noticeable 
about 15 minutes after the addition takes place 

Since this effect appeared to be stable over a period of several hours, it 
was possible to investigate it more fully usmg larger masses of tissue and 

Warburg respirometers 
Thirty 3 mm sections of 
Avena coleoptiles were intro- 
duced into the mam compart- 
ment of the Warburg vessel 
together with 1 5 ml of one 
of the following media dis- 
tilled water, 1 per cent su- 
crose, 1 per cent sucrose plus 

0 001 M malate, 1 per cent 
sucrose plus 0 001 M fuma- 
rate Into the side-arms 
were mtroduced 0 5 ml por- 
tions of a solution of auxin 
m the appropriate medium 
The auxin concentration was 
4 mg per liter, thus making 

1 mg per liter when added to 
the main part of the vessel 
In the case of the water ex- 
periments, two side-arms 
were used, one containing a 
solution of malate (to make 
0 001 M when added) and the 
other a solution of auxin (to 
make 1 mg per liter when 
added) 

The sections were soaked 
m the appropriate medium 
overnight (t e the medium 
to be placed in the mam 
compartment of the vessel) 12 hours after sectioning the respiration 
rates were measured, and after 4| hours the side-arm solutions were 
tipped in The respiration rate was followed for a number of hours 
after tipping The results, presented m Fig 7, offer clear-cut data on 
the effect of auxin on the respiration of coleoptile sections 


MINUTES 

Fig 6 The effect of auxin on the respiration 
of freshly cut apical sections of the Avena cole- 
optile Curve A is for a smgle section placed in 
1 per cent sucrose immediately after cutting, curve 
B for a single section m 1 per cent sucrose plus 
0 001 M malate Auxin (1 mg per liter) was added 
at the point marked by the arrow It should be 
noted that these Qq,’s are high as compared with 
later measurements made with larger masses of 
tissue This is due to the fact that the apical sec- 
tions have the highest normal (Jo, and that later 
measurements were made on sections obtained 
from 9 mm (subapical) of the coleoptile The 
latter therefore have a lower average respiration 
The present measurements were made immediately 
after cutting so that the fall in Q 0t which occurs 
on standing was avoided The origins of the 
curves are arbitrary 
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1 The addition of auxm to sections respiring m water caused no sigmfi 
cant change in the rate o! respiration (curve A) 

2 Sections soaked in sucrose (B, C, D) show an increase in Q 0< of from 
8 to 13 per cent (average 10 per cent) on addition of auxin This increase 
does not occur until about 1 hour after the addition takes place In other 
experiments where the time of soaking m sucrose was less, this increase 
did not occur at all 



3oo «« 
MINUTES 


Fid 7 The effect of tuna oo the respiration of sets of thirty colcoptde sections (from 
ten coieop tiles) under various conditions. A, in wtter B, C, D, in 1 per cent sucrose, 
E, F G in 1 per cent sucrose phis 0 001 u mtitte Hull per cent sucrose plus 0 001 u 
(emirate. Aurin (1 mg per liter) wu added tt the arrow mirk. The origin ol ench 
curve is arbitrary 

3 On the other hand, the addition of auxin to sections kept in a mixture 
of sucrose and malate (E F, G), or m sucrose plus fumarate (H) produced 
an increase In respiration rate of from IS to 28 per cent (average 22 per 
cent) 

It was also found that the addition of malate (0 001 si) to water-soaked 
plants caused no significant change In the rate of respiration 

Now it was shown that the respirator)' activity of malate depends on 
the presence of auxin, and the data of Fig 7 show that auxin can itself 
stimulate respiration This stimulation occurs to a small extent if if. 
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sections have been exposed to sucrose for a long time, but is greatly magni- 
fied by the presence of malate or fumarate There is thus a mutual rela- 
tionship between the effect of auxin and the four-carbon acids on respiration 
If we bear m mind as well the growth experiments of Figs 1 and 4, it is 
clear that the four-carbon acid respiration system must be one of the lmks 
in the chain of growth processes 

If this is true, the effect of auxin in stimulating growth should parallel 
closely its effectiveness as an activator of the four-carbon acid respiration 

6 The Identity of the Auxin Effect on Growth and on the Four-Carbon 

Acid Respiration 

The acceleration of growth produced by auxin has long been known 
to be closely dependent upon the concentration of the hormone Conse- 
quently, the problem of the possible identity of the two auxin effects was 

studied by determining the vari- 
ation of their intensities with 
different concentrations of auxin 
Sets of thirty sections were 
soaked overnight in a solution 
of 1 per cent sucrose plus 0 001 m 
malate and placed in Warburg 
vessels with 1 5 ml of the same 
solution The side-arms were 
filled with 0 5 ml of the mixture 
made up to contam various auxin 
concentrations The effect of 
adding varying amounts of auxin 
is shown m Fig 8 (not all of the 
concentrations used are shown 
here) On the 3rd day the sec- 
tions were removed from the 
vessels and their lengths meas- 
ured The percentage increase 
in length is plotted in Fig 9 
along with the respiration data 
of Fig 8 reduced to percentages 
It is clear from this figure that 
there is a qualitative identity between the effect of auxin on growth and 
on the four-carbon acid respiration The curves are decidedly parallel, 
both showing optima in the range of 1 to 10 mg of auxin per hter 
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MINUTES 


Fig 8 The effect of vanous concentrations 
of auxin on the Qo, of thirty coleoptile sections 
The concentration of auxin in milligrams per 
liter is indicated on the nght of each curve 
The zero point for each curve is marked by the 
position of the letter corresponding to it on the 
ordinate For example, the initial Qo, of 
curve C is 2 8 All solutions contained 1 per 
cent sucrose plus 0 001 m malate 



irther the properties of the four carbon aad respira 
: was necessary to deplete the tissues of their reserves 
:es This procedure would then reduce the activity 
n, and enable the normally small fraction of four 
in to be measured with greater accuracy It was 
n soaking the sections in water (or in sucrose solu- 
rate falls off, and that this falling off is prevented 
rose and malate together It may be deduced from 



an ous concentrations of auxin on the growth and res;;; ration 
le data were obtained on the same sets of thirty sections each 
lative to the Qo, and coleoptile length previoua to the addition 
mtained 1 per cent sucrose + 0-0(11 u malate 

g in water the reserves of malate (and the other four 
leted Hence, if such substances were then added 
measurement of the resultant respiratory rate could 
idex of the activity of this normally small fraction 
1 

rere earned out by soaking the sections m distilled 
about 18 hours. At the end of this time the Q p, 
lad fallen to 1 2, less than one half of the original 
the four-carbon adds under vanous conditions was 
iasuruig the Q 0 , after the vanous substances had been 
mlcoptile sections All the solutions used contained 

d from thi 3 experiment are shown in Fig 10 Fig 
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10a shows the effect of various concentrations of malate (in the pres- 
ence and absence of auxin) on the respiration and growth of the coleoptile 
sections If auxin is present, the respiration is markedfy dependent upon 
the concentration of malate, rising to an optimum at 0 001 ji and falling off 
to a low and constant value at higher concentrations However, if there 



Fig. 10a 



Fig 106 

Fig 10 The effects of various concentrations of malate (a) and fumarate (b) on 
growth and respiration of coleoptile sections The growth and respiration measure- 
ments n ere made on the same sets of sections in each case The auxin concentration 
used was 10 mg per liter All solutions used contained 1 per cent sucrose 

is no auxin present, the <2o, is almost entirely mdependent of the malate 
concentration the rate remaining at the low level characteristic of the supra- 
optunal concentration of malate m the presence of auxin Similarly, the 
length increments 5 which roughly parallel the Q 0j , are dependent on malate 
only in the presence of auxin 

i It should be pointed out that such stan ed sections exhibit a smaller response 
(in growth) to the addition of auxin as compared with freshly cut sections 
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The effect of various concentrations of fumarate (in 1 per cent sucrose) 
on growth and respiration is of a similar nature (Fig 10ft) In this 
case too, the stimulations of growth and respiration parallel each other, 
at least in the lower concentrations, and occur only if auxin is present 
Thus, when aunn is present, malate and fumarate appear to exert a 
catalytic effect on the oxidation of the sucrose in the medium This 
catalytic effect is indicated by the shapes of the curves, which nse to an | 

optimum (?o, and then fall off sharply This suggests that small amounts l 

of these acids can bring about an increase in respiration not by being them 
selves oxidised, but rather by stimulating the omdation of some other sub- 
strate — such as sucrose Such an interpretation is of course in beeping 1 

with the well established r61e of the four-carbon aads as earners ol on dative 
processes in the cell 1 

In the case of fumarate the optimum concentration is somewhat lower ' 

than that of malate, and a secondary rise in Co, occurs in concentrations I 1 

greater than 0 001 u This latter phenomenon seems to indicate that in 
addition to its catalytic effect on the oxidation of other substrates, fumarate f 

may itself be irreversibly oxidized if present m high concentrations It is 
interesting to note, however, that the secondary rise m rate although it is 
dependent on auxin, does not occur in the effect on growth Less complete I 

experiments with sucanate gave results similar to those obtained with 
fumarate ‘ 

It appears therefore, that m the Arena coleopblc the functioning of malate 
and fumarate as respiratory earners is dependent on the presence of aunn i 1 

Furthermore the catalytic stimulation of respiration by these substances ' 

is paralleled by their acceleration of growth It seems clear that the ( 

respiratory activity of the four-carbon aad system is in some manner J 

catalyzed by aunn, and that this activity is one of the requisites for the 
stimulation of growth by auxin j 

zv / 

DISCUSSION AND CONCLUSIONS I 1 

The data here presented provide the basis for a new understanding of ii I 

the relationship between growth and respiration in the Arena coleoptile (' , 

Perhaps the most important conclusion to be drawn is that the effective 
ness of a uxin as a growth hormone is closely related to its effect on certain , l 

respiratory processes, » e , that auxrn itself provides the lint between I 

growth and respiration ^ k 

•As a check on these experiments a similar run with various con of I 

acetate was carried oat There was no significant effect on the growth JK 
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When it was first discovered that the growth of plants depended on 
their respirator)’- activity, the latter was looked upon as a "primary essen- 
tial” for growth (Pfeffer, 1900), that is, growth depended on the energy 
derived from respiration, and so it was logically necessary that respiration 
be required for growth This concept of generalized dependence received 
support, in more recent times, from the finding of Bonner (1936) that 
cyanide inhibition reduced growth and respiration proportionally 

The present paper indicates that this relationship, rather than being 
formal, is mediated by certain very specific processes It has been shown 
that growth may be completely inhibited by the proper concentration of 
lodoacetate and the respiratory rate reduced by but 10 per cent Thus 
there must exist some process which, while responsible for but a small part 
of the normal respiration, is wholly in control of growth and of the effect 
of auxin on growth This finding agrees with the conclusion of Sweeney 
and Tlnmann (1938) that au\m accelerates a respiratory process repre- 
senting only a small part of the total Q 0t but controlling protoplasmic 
streaming and growth 

It has also been shown that this link is represented by the four-carbon 
acid respiratory system This system catalyzes part of the total oxidation 
of respiratory substrates such as sucrose (probably in the form of glucose) 
but is apparently a direct hnk in the chain of reactions which is responsible 
for all of the growth 

The four-carbon acid respiration system represents a small but variable 
fraction of the total Q 0x In the freshly cut section it accounts for but 10 
per cent of the total, and thus, since it alone responds to the addition of 
auxin, no detectable increase m Q 0j occurs when the hormone is added under 
these conditions However, if malate or fumarate is soaked mto the 
coleoptile section, the respiratory capacity of tins system becomes enlarged, 
so that when it is activated by addition of auxin a noticeable increase m 
respiratory rate ensues 

The effect of various concentrations of malate and fumarate indicates 
that these substances catalyze the oxidation of other respiratory substrates 
(such as sucrose), although m the case of fumarate, and perhaps succinate, 
there is evidence to indicate that they may themselves be irreversibly oxi- 
dized when present in sufficiently high concentrations It was not the 
purpose of the present paper, how ever, to attempt a detailed analysis of the 
properties of this respiratory system, but rather to discover the qualitative 
hnkage betw een growth and the respirator)’ processes related to it 

The data obtained indicate that the dependence of growth on oxygen 
consumption is due to the participation of a respiratory process, the four- 
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carbon acid system, in the chain of growth processes Further, it is dear 
that the influence o£ auxin on growth is related to its effect on this respira- 
tory system 


v 

SUMMARY 

1 The growth of Avena coleoptde sections in sucrose and auxin solutions 
is inhibited by various substances which are known to act as dehydrogenase 
inhibitors 

2 Iodoacetate, which is particularly active in this connection, inhibits 
all growth at a concentration of 5 X 10 - * H, but produces only a slight 
inhibition of oxygen uptake 

3 The growth inhibition by iodoacetate is completely removed by mala te 
and fumarate, and to a lesser extent by succinate and pyruvate 

4 These acids themselves increase the effect of auxin on growth and 
also increase the respiration of the coleoptile sections, but only if auxin is 
presen t. 

5 When sections have been soaked in malate or fumarate, the addition 
of auxin considerably increases the total respiration Further, the con 
centration range over which this increase takes place parallels that active in 
promoting growth 

6 The four carbon acids provide a respiratory system which is part of the 
chain of growth processes, and which is in some way catalysed by auxin 
It represents a small but variable fraction of the total respiration 
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THE EFFECT OF SWELLING ON THE RESPIRATION OF 
ERYTHROCYTES* 


BtF R. HUNTER mW 6 BANTTELD 

(From the Deportment of Zoology, Rhode Island State College Kingston, Rhode Island ) 
(Recaved for publication, July 22, 1940) 

This investigation represents an additional attempt to test the hypothesis 
that a relationship exists between the respiratory activity of a cell and the 
maintenance of the selectively permeable properties of its membrane. If 
this hypothesis were true, it seemed reasonable to expect that a change m 
the tension of the plasma membrane might possibly bnng about a com 
pensatory change in the respiratory activity of the cell All of the avail 
able evidence would indicate that this probably was not the case, but no 
such assumption can be made a fnon A number of investigators have 
studied the effect of a change in cell size on respiration Inman (1921a) 
using the marine alga Laminaria, reported a decrease in carbon dioxide 
production in both hypotonic and hypertonic solutions, while Bodine (1933) 
using grasshopper eggs in hypertonic solutions and Johnson and Harvey 
(1938) using marine luminous bacteria in hypotonic solutions, reported a 
decrease in oxygen consumption Ray (1927) reported a similar decrease 
in oxygen consumption of dog reticulocytes m both hyper and hypotonic 
solutions Tipton (1933) found no significant change in the rate of oxygen 
consumption of chicken erythrocytes using hypotonic and slightly hyper- 
tome solutions of sodium chloride, while Hunter (1939) using the same 
type of cells in highly hypertonic sodium chloride solutions reported a 
marked decrease m oxygen consumption Hypotonic solutions had no 
effect until a considerable number of cells were hemolyzed In these 
solutions there was a marked decrease m oxygen consumption Ponder 
(personal communication) found that hypotonic solutions had no effect on 
the rate of oxygen consumption of rabbit erythrocytes All of these 
authors have reported either a decrease in respiration or no change result 
ing from amsotonlc media 

The present investigation was undertaken m an attempt to determine 

* One of the authors (F R- H.) wuhes to acknowledge grants-in aid from the Amen 
can Academy of Arts and Sciences and the Amencau Association for the Advancement 
of Sdence. 
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what changes in respiration, if any, were associated with the actual swelling 
of a cell such as an erythrocyte In the previous investigations, the cells 
were allowed to reach osmotic equilibrium m the anisotonic medium before 
respiratory measurements were made The present data were obtained 
while the volume changes of the cells were taking place Chicken eryth- 
rocytes obtained from defibnna ted blood were the cells used It was 
necessary to find some substance which would penetrate the cells slowly 
enough so that respiratory measurements could be made during the swelling 
process Preliminary tests showed that erythntol penetrated chicken 
erythrocytes at 37°C at such a rate that considerable hemolysis had 
occurred in about 45 minutes Although this substance penetrated a little 
more rapidly than was desirable for these experiments, larger molecules 
could not be used because they failed to penetrate in a reasonable length of 
time By lowering the temperature the rate of penetration could have 
been decreased, but this would also have decreased the rate of oxygen con- 
sumption The experiments were made at a temperature of 37° ± 0 02°C , 
and all possible manipulations were made before the blood was added 
This was done to minimize the amount of swelling which occurred before the 
respiratory measurements were begun 
The blood was centrifuged before using to remove as much of the serum 
as possible Smce small volumes of solutions had to be used, it was neces- 
sary to eliminate the osmotic effect of the serum Although only a small 
amount would have been added, it would have reduced the volume of the 
experimental solution which could have been used This in turn would 
have made the solution surrounding the cells more nearly isosmotic, which 
would have resulted in a smaller volume change of the cells Oxygen con- 
sumption measurements were made using a Barcroft-Warburg micro- 
respirometer as previously described (Hunter and Pahigian, 1940) Three 
vessels were used for a single experiment The control consisted of one- 
half cc of chicken erythrocytes suspended in 3 cc of Rmger-Locke 0«e 
experimental vessel contained one-half cc of cells m 3 cc of 0 3 M erythntol, 
while the second experimental vessel contained one-half cc of cells sus- 
pended in 3 cc of a solution of 0 3 ar erythntol in Rmger-Locke In the 
first experimental solution, the cells swelled from their normal volume to 
their hemolytic volume In the second experimental solution, the cells 
swelled from a shrunken condition (due to the loss of water mto the hyper- 
tonic solution) back to their normal volume 
The results of a typical experiment are plotted in Fig 1 The cubic 
millimeters of oxygen are plotted agamst the time in minutes It can be 
seen that there is no marked change in the rate of oxygen consumption in 
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the experimental cells At the beginning the shrunken cells consume oxy- 
gen at a slightly slower rate, as would be expected from previous expen 
ments (Hunter, 1939) Although this previous worL showed that the 
oxygen consumption was irreversibly decreased when the cells were shrunk, 
these cells were allowed to remain in the shrunken condition for at least 1 
hour before they were swollen back to their normal volume In the present 
experiments the cells began to swell back to their original volume almost 


tc 

a. 


6 io 20 30 *0 50 60 

TIME IN MINUTES 

Fig 1 Fio 2 

Fro l The effect of swelling on the oxygen consumption of chickm erythrocytes 
• Ringer Locke, o-eiythntol fn Ringer Locke, ©-erythritoL 
Flo 2 The effect of swelling on the anaerobic glycolysis of beef erythrocytes • 
Ringer Locke, O-erythritol in Ringer Locke, C-erythritoL 

instantaneously The fact that the oxygen consumption of the shrunken 
cells recovered to the normal rate when the cells began to return lmmedt 
ately to their normal volume is in accord with the observations of Inman 
(1921 b) T his author showed that the degree of recovery of respiration 
was inversely proportional to the length of time the cells had remained 
shrunk Except for thi3 initial lowering of the rate, it seems to be the 
same as that of the control cells This would indicate that there was no 
change In the aerobic respiratory activity of the cells associated with 
swelling from a shrunken to a normal condition The first portion of the 
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curve obtained from cells suspended in erythntol solution appears to be 
essentially the same as the control curve As soon as an appreciable num- 
ber of cells have hemolyzed, the rate falls off as would be expected on the 
basis of the data presented by Michaelis and Salomon (1930) Ramsey and 
Warren (1930) reported a large "burst” when various types of erythrocytes 
were hemolyzed In view of these experiments, it might be expected that 
there would be an increase in the rate of oxygen consumption as the cells 
hemolyzed m the erythntol solution A further investigation by these 
authors (1934) demonstrated that this burst did not always appear They 
also pointed out that the sudden increase m oxygen consumption depended 
on the plasma Smce in the present investigation only cells were used, the 
burst would not be expected to appear 

Smce we demonstrated that aerobic oxidations are not involved when the 
cell membrane is stretched ( cf Hunter, 1936, 1937), it seemed of interest 
to determine if the experimental treatment would affect anaerobic glycoly- 
sis These measurements were made in the same manner as previously 
described (Hunter and Pahigian, 1940) Because the oxygen in the vessels 
had to be displaced by a nitrogen-carbon dioxide mixture, a longer equilibra- 
tion period was necessary before the readings could be taken Conse- 
quently, some other type of cell had to be used It was found that 
erythntol penetrated beef erythrocytes at a much slower rate (cf Jacobs , 
Glassman, and Parpart, 1935) Although non-nucleated erythrocytes 
consume very little oxygen (Michaelis and Salomon, 1930), it has been 
shown that they produce lactic acid anaerobically at a considerably faster 
rate (Kempner, 1939) In view of these two facts, beef erythrocytes were 
used for the glycolysis measurements The blood was freshly drawn from 
the jugular vem into a sterile bottle and defibrmated In most experiments 
it was used within a few hours of dra wing, while in others it was kept in an 
ice box for 24 hours The results were the same m either case In these 
experiments the control solution was Ringer-Locke containing 200 mg 
per cent glucose and 0 03 N NaHCCb One experimental solution contained 

0 3m erythntol, 0 03 N NaHCOj, and 200 mg per cent glucose, while the 
second experimental solution was the same as the above, except it was m e 
up in Ringer-Locke The osmotic effect of the NaHC0 3 and glucose was 
negligible smce the amounts added were small, and the changes in cell 
volume would still occur The Warburg vessels used m these experiments 
were smaller (about 6 cc ) than those used in the preceding ones Conse- 
quently, a smaller total volume of solution was used In some experiments 
0 3 cc of centrifuged cells was added to 1 7 cc of solution, while m others 
0 6 cc of cells was added to 1 4 cc of solution Half an hour was allowed 
for the displacement of the oxygen by the N 2 -C0 2 gas mixture 
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A typical pair of curves are plotted in Fig 2 The cubic millimeters of 
carbon dioxide produced are plotted against the time in minutes It 
should be remembered that 1 c mm of carbon dioxide is equivalent to 
0 004 mg of lactic aad It is evident that the change m cell size has no 
marked effect on the anaerobic breakdown of sugars until the cells begin 
to hemolyze 

These results are what might have been postulated on the basis of pre- 
vious experiments Without experimental evidence, however, such pre- 
dictions would not have carried much weight It should be pointed out 
that a mam malian erythrocyte, because of its peculiar shape, does not 
undergo as great a change in surface area as would at first appear That 
it does undergo a certain amount of stretching, however, is not denied 
(Ponder and Marsland, 1935) It is reasonable to assume that because of 
its initial shape an avian erythrocyte when it swells would have a greater 
change m surface area than a mammalian erythrocyte The fact that a 
change m cell size, and hence a change in the surface area, is not accom- 
panied by any compensatory change in either oxygen consumption or 
anaerobic glycolysis adds further evidence testing the hypothesis of a re 
lationship between the cell membrane and its respiratory activity 

SUiniARY 

1 Oxygen consumption measurements made while a chicken erythrocyte 
swells show no increase over the control value 

2 There is no change m the rate of anaerobic glycolysis in beef erythro- 
cytes when they swell 

3 The above statements are true whether the cells swell from a shrunken 
condition back to the normal volume, or swell from the normal to the 
hemolytic volume 

4 These data add a further test of the hypothesis that a relationship 
exists between the cell membrane and its respiratory activity 
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INTRODUCTION 

Northrop and coworkers (1-3) believe that solubility studies constitute 
the most sensitive and reliable test for determining the homogeneity of 
proteins and have used them successfully as a test for punty of their crystal 
line enzyme preparations Hemott, Desreux, and Northrop (4) were able 
to show that a number of pepsin solutions that appeared to be homogeneous 
in electrophoresis experiments contained several protein components as 
indicated by solubility studies Steinhardt (S) has recently shown that 
in the case of some proteins difficulties may attend the application of 
the test 

Cohn and coworkers (6, 7) have carried out protein solubility studies 
using the aalting-out effect of electrolytes in buffer solutions If proteins 
are pure, a plot of the logarithm of solubility against ionic Btrength may 
appear to be a straight hne Slopes and intersects to the ordinate are used 
in characterizing the protein 

The solubility method is not only useful in determining the purity of a 
preparation but Is a sensitive method for distinguishing species specificity 
of proteins (8) Our preparations of pituitary lactogenic hormone have 
been demonstrated recently to act as a homogeneous substance in the 
Tisehus apparatus (9), and preparations of beef and sheep hormone 
were indistinguishable (10) electrophorehCElly Bischoff and Lyons (11) 
were not able to differentiate the hormone prepared from beef or sheep 
pituitary by certain immunological methods It seemed worth while, 
therefore, to mvestigate the solubility behavior of our beef and sheep lacto- 
genic hormones in order to determine not only whether they were pure but 

* Aided by grants from the Board ol Research of the University of California, from 
The Rockefeller Foundation, from Parke Davis Company, and from the National 
Research Council Committee on Research In Endocrinology Assistance was rendered 
by tbe Works Progress A dminis tration Project No OP 665-0S-3-30 Unit "A 5 
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also whether they were species specific The beef and sheep lactogenic 
hormones used in this work were prepared m essentially the same manner 
as previously described (12) 

A Solubility m NaCl-ECl Solution 

Preparation and Solvent — L299S 1 contained approximately 30 International Units 
per mg The isoelectric precipitate (about 300 mg ) was washed twice with 40-50 cc 
of solvent The washed precipitate was used for the solubility experiments The 
solvent was made with 0 302 m NaCI in 0 01 n HCI solution and contained 2 per cent 
butanol The pH of the solution was 2 02 2 (glass electrode ) 

Methods — The precipitate which had been washed twice with the solvent was broken 
mto a fine suspension by agitation 3 for 15 hours m a closed test tube (12 X 100 mm 
Pyrex) 

Varying amounts of this suspension were distributed into test tubes and each tube 
was then filled with the solvent The technique to displace the remaining air bubbles 
was essentially the same as that described by Kumtz and Northrop (13) The tubes 
were then agitated on the wheel for 2 or 3 days The solutions were filtered through a 
Whatman filter paper (No 42) and the filtrate analyzed for nitrogen Nitrogen was 
determined by a micro-Kjeldahl method and the results represent averages of two or 
more determinations 

The amount of protein dissolved was sometimes checked by Fohn’s phenol reagent 
(14) and carried out m the following manner To 1 cc of the filtrate, diluted to 10 cc , 
were added 2 cc of 1 m NaOH and 3 cc 1 3 Fohn’s reagent The mixture was kept in 
an oven at 40°C for 15 minutes The color produced was measured in the Cenco 
photelometer using the red filter The protein content was then read from a standard 
curve which had been constructed by using known quantities of protein in the same 
manner The amount of nitrogen was obtained by assuming that the hormone con- 
tained 14 52 4 per cent nitrogen 

Results — Results are given m Fig 1 The curve shows that the prepara- 
tion obeys strictly the requirements of the phase rule for a single substance 
It may be noted that the initial slope of the curve is 1, indicating that the 
solutions were perfectly clear before the appearance of the solid phase This 

1 Throughout this paper S indicates sheep and B, beef origin of the pituitary lacto- 
genic preparations 

2 In this connection, the stability of lactogenic hormone in acid solutions was studied 
10 mg L299S were dissolved in 5 cc 0 1 it HCI The mixtures were kept at room tem- 
perature (20-21°C ) for 1, 2, and 3 days in the presence of 2 per cent butanol as pre- 
servative Before being assayed solutions were neutralized and it was found that there 
was no difference in potency m the 1 and 2 day samples, whereas the 3 day sample 
showed a loss m potency of about 50 per cent 

3 The test tubes nere clamped on a revolving wheel, two glass beads were placed m 
each tube to agitate the material 

4 This value is low because corrections were not made for ash and moisture 
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fact as well as our determination that the biological potency of the soluble 
protein was the same as that of the insoluble protein m saturated solutions 
presents further evidence for homogeneity of the hormone 

B Solubility tn Water 

Water is well known to be the most favorable solvent for solubility studies 
because interactions which sometimes take place between salts and their 



Fio 1 Solubility of sheep lactogenic hormone preparation (L299S) in 0302 u NaCl 
solution of pH 2 02 at 21-22”C 


saturating body are eliminated As pointed out by Cohn (16), the solu 
bihty in water of a pure protein may be considered as a fundamental, 
physicochemical constant which may be used in identifying and in classi 
fying proteins However, owing to the difficulty m removing the last 
trace of salt, acid, and alkali from isoelectric proteins there are very few 
pure proteins which have been investigated as to their homogeneity, by 
the method of solubility in water t r 

L294B was an isoelectric preparation obtained from beef ^ 

1 gm. of wet isoelectric precipitate was triturated three times 
solubility experiments were earned out using different tpisntities 
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tate in the same volume of water The test tubes (as in experiments of section A) were 
agitated on the wheel for 2 days at room temperature, the suspensions were then rocked 
in a cold room at a temperature of 7-8°C for another 2 days The solubility of iso- 
electric beef lactogenic hormone in water (at 7-8°C ) was found to be 0 102 gm per liter 
in the tube containing the smallest amount of solid, while in the tube containing seven 
times that amount of saturating body, the solubility was practically the same (0 104 gm 
per liter) This indicates that the preparation behaved as a single substance The 
low solubility of the protem suggests that it has a low dissociation constant and possibly 
that it has a small number of free polar groupings m the molecule 

C Salting Out Effect of NaCl m Acid Solution 

The influence of salts on the solubility of proteins has been used not only 
for separation and purification purposes but for the characterization of 
proteins Cohn (17) has shown that solubility is defined by an equation 
of the form 

log 5 = p — K.n 

m which K, is a saltmg-out constant characteristic of the salt employed, 
an mtercept constant characteristic of the saturating substance, /x the ionic 
strength per 1000 gm of water, and S the solubility of the protein in gm 
per liter Using this technique, Green, Cohn, and Blanchard (18) were able 
to show the species specificity of horse and human carboxyhemoglobms 
Since species specificity has not hitherto been shown to exist in the case of 
lactogenic hormone, it seemed mterestmg to attempt with the aid of this 
method a differentiation between our beef and sheep lactogenic preparations 

Experimental — L287B and L288S were acetone-dned isoelectric precipitates They 
both contained approximately 30 I U per mg 20 mg of L287B or L288S were dis- 
solved m2 cc of 0 01 n HC1 and to this were added 3 cc of 0 01 n HC1 containing 
different amounts of NaCl 6 The test tube was then shaken slowly for about 2 hours 
at room temperature The suspension was filtered and the filtrate was analyzed for 
nitrogen as described in section A 

Results — The behavior of these two lactogenic hormones is graphically 
represented m Fig 2 These results show that the solubility of both L287B 
and L288S followed the rule represented by the equation previously given 
Furthermore, sheep lactogemc hormone was found to be more soluble than 
the beef hormone in these acid solutions 8 It is of interest to note that the 

6 Since solubility is a function not only of the concentration of the salt, but of the pH 
and the temperature, it is very important to make up the solvent with extreme accuracy 
This has not been attempted in the present experiments since the results were intended 
primarily for the purpose of comparing sheep and beef hormones rather than establishing 
characteristic absolute values for the solubility 

8 In experiments using citrate buffer (0 1 xr, pH = 6 36) beef lactogenic hormone has 
been found to be more soluble than sheep 
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slopes ( K ,) of the two curves are almost the same whereas the intercept 
constants <jS) exhibit differences 



Ionic Strength 

Fio 2 Solubilities of beef sad sheep lactogenic honnone (L287B) and (L2B8S) in 
different concentrations of NaCl of GDI N HC1 solutions at 21-22 C. 

It may also be seen that NaCl proved to be a very effective precipitant 
for the hormone dissolved m dilute HQ 1 We have always observed that 
the lactogenic hormone is very soluble in this solvent, but its solubility is 
greatly decreased in the presence of salts The solubility m alkaline solu 

1 The addition of HCl to a strength of 0J u causes the 
hormone. 
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tion is, however, not so much affected by the presence of NaCl Thus, 
the precipitation of lactogenic hormone began only when 32 gm of NaCl 
were added to 100 cc 0 01 n NaOH solution , on the other hand, the hormone 
began to precipitate out in 0 01 N acid solution when 1 5 gm of NaCl were 
added Solubility is a measure of the interaction between protein dipoles 
and the ions of a salt and the difference in behavior of the protein in acid 
and basic solutions may be attributed, in part, to the fact that the dissocia- 
tion constants of certain groups are much higher above than below the 
isoelectric point 


D DISCUSSION 

It is generally agreed that crystalline proteins are not always homo- 
geneous with respect to sedimentation, electric charge, and solubility, but 
ultracentnfugation, electrophoresis, and solubility studies also have limita- 
tions Since proteins fall into molecular weight classes (19), and so many 
proteins have molecular weights ranging from 34,000 to 42,000, the ultra- 
centrifuge has often proved unsatisfactory in characterizing the purity of 
a protein Furthermore, a single boundary m the Tisehus apparatus does 
not necessarily signify a pure substance Solubility studies constitute the 
best available method for determining homogeneity of a protein, especially 
if they are carried out with a variety of solvents, and due regard is given 
to the possibility that solubility anomalies may occur under certain cir- 
cumstances (5, 20, 21) 

Although we have not yet been able to secure the pituitary lactogenic 
hormone in uniform ciystalline state, our preparations behave m electro- 
phoresis experiments (9) as a single substance The solubility studies 
herein reported also failed to disclose more than a single component Pre- 
liminary work on ultracentnfugation of the lactogenic hormone has so far 
shown it to be homogeneous, but further data have yet to be collected 

The species specificity of pituitary lactogenic hormone as demonstrated 
in this paper is particularly interesting In our previous work we (10) 
were not able to distinguish the sheep pituitary hormone from that of beef 
pituitary in electrophoresis experiments Bischoff and Lyons (11) were 
also unable to differentiate them through the use of precipitin, anaphylaxis, 
or the Dale and Arthus reactions An analogous situation has been found 
to be the case with pepsin (22) 


SUMMARY 

The solubility of sheep pituitary lactogenic hormone in 0 302 M NaCl 
at pH 2 02 (solution in HC1) has been determined at room temperature 


C H U, W E LYONS, AND H M EVANS 


309 


It showed a constant solubility m the presence of a considerable excess of 
the solid phase, an indication that the preparation contained but one com 
ponent 

Beef lactogenic hormone showed a constant solubility m distilled HjO at 
7-8°C m the presence of excess of the solid phase 
The salting-out effect of NaCl m acid solution of both beef and sheep 
hormones has been studied at room temperature In these studies both 
preparations behaved as pure substances, but they exhibited differences in 
solubility, thus indicating a species specificity 
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By W J V OSTERHOUT 

(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, September 12, 1940) 

Experiments on Nitella have shown considerable resemblance 1 between 
the effects of hexylresorcmol and those of guaiacol This resemblance is 
even more striking in Valoma 

Fig 1 shows the effect of 0 0006 m hexylresorcmol m sea water At the 
start the cell had a negative* pm of 6 mv After a latent period of about 
15 seconds the curve fell, indicating a change of pm m a positive direction 
amounting to 34 mv After this the curve rose gradually almost to the 
original level The course of the curve is like that seen under the influ 
ence of guaiacol* and may be due to similar causes 

The curve in Fig 1 represents fairly well the average behavior but great 
variation is possible With curves showing a sharp drop, 1 as in Fig 1, 
the latent period may vary from 3 to 40 seconds and the pm may become 
positive to the extent of from 17 to 50 mv (the average value was 28 mv ) 
Recovery requires from 35 to 100 seconds 

If the rise of the curve, showing a loss of positive p d , were due to injury 
we should expect the final pm to be zero This was not the case The 
curve as a rule flattened out at a positive value of the pm and showed no 
sign of going to zero As a rule it failed to rise to the starting point In 
most cases the cells appeared normal on subsequent days and behaved nor 

1 Osterhout, WJ V J Gen Physiol 1939-10 23, 569 

1 The experiments were made on Valoma macrophysa KCtx. using the technique 
described in former papers (Osterhout W J V J Gen Physiol 1936-37 20, 13 
regarding the amplifier Bee Hill, S E and Osterhout W J V J Gen Physiol 1937-38 
21, 541) 

The temperature varied from 20 to 25°C 

There was no sign of injury unless otherwise stated. 

Grateful acknowledgment is made to the firm of Sharp and Dohme of Glenolden 
Pa. for their generous gift of hexvlresoranoL 

* The pj) is negative when the positive current tends to flow from the sea water 
across the protoplasm to the sap The pj> is usually negative by 5 to 10 mv 

4 Osterhout WJV J Gen Physiol 1936-37 20, 13 

* With some eel ls the curve fell very gradual!} and the pj) did not become more than 
12 mv positive. In such cases there was little or no recover} 
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mally when subjected to experimental treatment One does not therefore 
get the impression that the rise of the curve was due to injury m the usual 
sense of the word 

For convenience we may speak of the rise of the curve as “recovery” 
with the understanding that complete “recovery” does not mean that the 
cell returns to its original state That it does not is shown by tests which 
will now be described 

a The Potassium Effect — In normal cells transferred from sea water to 
“0 3 m K sea water” the p D became more negative by 10 to 31 mv 6 But 



Fig 1 At the start the cell in sea water showed a negatn e p.d of 6 mv When the 
cell was remo\ed from sea water the curve jumped to F, recording the free grid of the 
amplifier When transferred to sea w ater + 0 0006 M hexylresorcinol there w as a latent 
penod of about 15 seconds after which the curve fell (the p.d becoming positive) and 
then rose the nse is called ‘ recov erv” for com emence but this does not mean that the 
cell is returning to its original condition 

Time marks 15 seconds apart 

Temperature 25°C 

in the presence of 0 0006 M to 0 003 ii hexylresorcinol this potassium effect 
largely disappeared A similar result was obtained with guaiacol 4 

The 0 3 m K sea water was made b\ mixing equal parts of sea water and 0 6m KC1 
(the consequent dilution of Xa _ , Mg*" 1- , and Ca +_t is considered of no importance, espe- 
cialh in such short experiments) 

The cells were exposed to 0 3 M K sea water for 5 minutes or less and then returned 
to sea water After standing from 3 to 24 hours in sea water tbev were transferred to 
sea water - 1 - hexv lresorcinol and left for several minutes Thev were then placed m 
0 3 m K sea water hexv lresorcmol in order to measure the potassium effect 

b The Dibit ion Effect — When normal cells were transferred from sea 
water to sea w ater plus an equal \ olume of 1 1 3i glycerol (containing 0 02 

6 Cf Damon, E B , J Gen Physiol , 1937-38, 21, 383 
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u CaCU + 0 012 M KC1) the change of p d was about 5 mv m a negative 
direction ‘ We may regard this as indicating that the mobility of Na + 
(f < Nl ) is less than that of Cl (co) 

When a similar experiment is made with sea water con taining 0 0006 
M to 0 003 H hexylresorcinol there 13 no change of P D or a small change m a 
positive direction We may regard this as indicating that the order 
v a > «ni has been changed to ti N , = r a or to « N , > r a A similar result 
is obtained with guaiacol 4 

In view of the chemical resemblance of guaiacol (C«Hi(OH)OCHj) to 
hexylresorcinol (CiH,(OH)j C«Hu) it is not surprising that their effects 
are similar But hexylresorcinol is as effective at 0 0006 it to 0 003 u as 
guaiacol at 0 01 it to 0 03 u It may be noted that the former is much more 
surface-active 

It is most interesting to find that both substances can influence the 
behavior of Inorganic 10 ns so markedly This is presumably due to their 
effects on mobilities and on partition coefficients This opens up an 
interesting field of research which can be profitably pursued by the use of 
models A beginning has already been made in this direction ' 

smniASY 

The effects on Valonta of guaiacol and hexylresorcinol are similar but 
the latter is more effective 

Both substances lower or abolish the potassium effect, i.e , the ability 
of the cell to distinguish electrically between Na + and K+ 

Both substances change the order of mobilities so that r a > « N , becomes 

> * a or «h. “ 

7 Ostcrhout W J V , Some model* of protoplasmic surfaces in Cold Spring Harbor 
symposia on quantitative biology, Cold Spring Harbor, Long Island Biological Asso- 
ciation 1940, 8, 51 
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AN X-RAY AND CRYSTALLOGRAPHIC STUDY OF 
RIBONUCLEASE 

By I FANKUCHEN* 

(.From the Deportment of Pkyna, Massachusetts Institute of Technoiofy, CamM/e) 
(Received for publication, September 24, 1940) 

A new crystalline protein of low molecular weight, nbonudease, has been 
isolated and described by Kunitz (1, 2) A pr elimin ary Btudy of this pro- 
tein has now been made with x rays and with the polarizing microscope 

The material studied was crystallized from an ethanol water solution 
The crystals were dried in air without appreciable deterioration and the 
measurements here described were made with these air-dned crystals 
They are long, thin needles, orthorhombic, elongated along the "c" axis 
The prism faces are (1 10) and (llO) and include an angle of 70° The other 
two axes bisect the angles of the cross section, “a” bisecting the obtuse 
angle and “b" the acute The extinction as observed in the polarizing 
microscope is, of course, straight, a is along o, /3 along 6, and y along c 
The crystal is positive and the optic axial angle ib about 65° measured in 
air and 74° in glycerine 

X ray oscillation films were taken about all three crystallographic axes. 
These give tho following values for the umt cell, a — 36 6 A, b «= 40.5A, and 
c ■= 52 3 A The space group appears to be P2,2,2„ 4 molecules per unit 
cell, each molecule without symmetry in a general position The density 
of the air-dned crystals was measured to be 1 341 ± 0 002, by floating them 
in a mixture of methylene chloride and carbon tetrachloride The molec 
ular weight has been computed from these data assuming 4 molecules per 
unit cell The cell volume is 77,300 A* and this gives a molecular weight 
of 15,700 ± 300 This value is an upper limit as no correction has been 
made for solvent of crystallization 1 

* National Research Fellow in Protein C h e mis try 

1 Dr A Rothen (3) his found the specific volume of ribomickase to be 0 709 The 
density of the air-dried crystals cor r es ponds to a value of 0 746 He suggests that this 
difference may be due mainly to hydration and a computaUon based on this difference 
gives a value for the hydration of 12 7 per cent. An estimate of the molecular weight 
of the anhydrous protein can then be obtained by reducing the x ray value of 15,700 by 
12 7 per cent Thu gives 13,700 which may be compared with the molecular weights 
reported from sedimentation snd diffusion, 13,000, and from osmotic pressure measure 
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These air-dned crystals are unusually perfect and give sharp diffraction 
spots down to 2 A, whereas no other dried protein crystal has thus far 
given reflections below 5 A (chymotrypsm) This, in conjunction with the 
low molecular weight, suggests that a study of x-ray intensities, similar to 
that of Crowfoot on insulin (4, 5), may give useful information about the 
internal structure of the nbonuclease molecule A preliminary investiga- 
tion of this character is now in progress 
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ments, 15,000 Computations of this kind depend on comparatively small differences 
of specific volume and can be accepted only with reserve They are certainly less 
satisfactory than direct determinations of the hydration of the crystals, but lacking 
such determinations do serve to give an estimate of the hydration 
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I 

The lizard Phrynosoma was found by Loeb (1907, 1918) to exhibit in a 
particularly clear way the effects of moving visual images upon forced 
compensatory reactions, head nystagmus of visual origin 13 easily demon- 
strated when a white paper cylinder with black vertical stnpes is rotated 
about the animal, under ordinary daylight illumination “Optokinetic” 
reactions of this type are readily obtained with other saunans also (Loeb, 
1891, Trendelenburg and Ktlhn, 1908, Schheper, 1927, Ohm, 1931, Ehren- 
hardt, 1937, Crozier and Wolf, 1938-39) A particular interest of these 
reactions of diurnal lizards such as Phrynosoma is due to the fact that the 
retina (Detwiler and Laurens, 1920, Keeler, 1930) contains sensory elements 
held to be of only one general histological type, namely single cones (Garten, 
1907, Rochon Duvigneaud, 1917, Menner, 1929, Walls, 1934, Vemer, 
1935), which seems to be true, however, of the nocturnal form Edoderma 
as well (Walls, 1934) With this seasonally simplex constitution of the 
retina of Phrynosoma the data on its electrical responses to photic stimula- 
tion are not inconsistent (Meservey and Chaffee, 1927, Chaffee and Sut- 
cliffe, 1930) Although no rods are present, the pronounced fovea contains 
attenuated cones which lack the od droplet characteristically occurring in 
the extra foveal cones (Detwiler and Laurens, 1920) A large, conical, 
deeply pigmented pccten is present m the Phrynosoma eye, it has been 
suggested recently (Menner, 1938) that this structure m the bird’s eye may 
play a part in increasing the excitatory effect of moving images, but we 
find in the responses to flicker no evidence as to this, even at low flash fre- 
quencies (equal light and dark times), m the case of Phrynosoma as well as 
with birds we have recently studied, when the tj t D ratio is changed, such 
evidence 13 ob tain ed (Crozier and Wolf, 1940-415) 

The expectation for annuals with retinal receptor elements of single type is 
that the flicker response contour should be a simplex symmetrical prob- 
ability integral ( F — log / , Crozier, Wolf, and Zerrahn Wolf, 1938 a, 
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1938-39 b), although the activity of the ms may introduce a complication 
in some cases (cf Crozier and Wolf, 1938-39 b ) Employing the stnped 
cylinder technic and the procedures previously described (Wolf and Zer- 
rahn-Wolf, 1935-36, Crozier, 1935-36, Crozier, Wolf, and Zerrahn-Wolf, 
1936-37 a, Crozier and Wolf, 1939-40 6), it has been found that several 
vertebrates with simplex (rod or cone) constitution of the retma provide 
simplex performance contours relating flash frequency to flash illumination 
critical for forced head nystagmus, whereas the corresponding contours for 
vertebrates having both rods and cones are characteristically duplex (Cro- 
zier, Wolf, and Zerrahn-Wolf, 1938 a, Crozier and Wolf, 1938 a, 1939) 
It is desirable to extend the factual basis for certain considerations arising 
m connection with these facts A significant general theory of visual 
duplexity in vertebrates requires, among other things, that something more 
be known about homologous performance contours of animals having only 
rods and of types having only cones The behavior of Phrynosoma pro- 
vides data significant for this end The important points have to do with 
(1) the analytical shape of the performance contour, and (2) the magni- 
tudes of its parameters in comparison with those of other “cone” visual 
performance curves 


n 

Phrynosoma cornuium was used in these experiments A considerable stock was 
ob tamed from a commercial supply company The individuals used were 10 to 15 cm 
in total length They were kept m a large cage with western exposure, and fed on 
captured flesh-flies and on Drosophila from cultures During dayhght hours they were 
quite active For the observations each selected individual was put m a thin-walled 
crystallizing dish covered by a watch glass, the cover was so fastened as to be firmly 
clamped on, but with space around the edge to provide for circulation of air When 
surrounded by the rotating stnped cylinder with sufficiently intense trans-illumination, 
a slow movement of the head (“railroad” nystagmus) m the direction of rotation is 
penodically interrupted by swift returns of the head to the initial position in line with 
the axis of the body In this reaction the front legs are extended and the body is elevated 
and graduall} swung m the direction of the motion of the stnpes In some cases locomo- 
tion in the stnpe-movement direction is observed 

The initiation of head nj stagmus as the flash intensity is increased with F constant 
provides the index of threshold response to ("recognition” of) the light-dark cycle 
In these observations the hght and the opaque spaces on the cylinder were equal (* c , 
tlftj) = 1) For quantitative observations preliminary dark adaptation is essential, 
but in darkness Phrynosoma quickly becomes inactive, the eyes are closed, and the 
general condition appro xima tes that of tonic immobility After the period of dark 
adaptation it was consequent!} desirable to tilt the container m order to cause the animal 
to “awaken” and open the exes as a consequence of the righting reflexes Preliminary 
tapping of the glass container also helps Very' often these animals close the eyes 



W J CROZtER AND ERNST WOLE 


319 


immediately after h&vmg responded once m result of increasing the light m tensity to the 
critical level, and then pass into a kind of general rigidity This is m marked contrast 
to the persistence of head nystagmus -within a rotated striped cylinder m an ordinarily 
illuminated room. In the dart room within the tnms-illutninated cylinder, it was 
usually difficult to secure even three successive critical responses without arousing the 
lixard from immobility Prolongation of the period of dark adaptation increased these 
difficulties. Under such conditions the determinations of critical flash intensity are 
bound to be more erratic, and the values of P^E.i/, more irregular than with the other 
animals we have thus far used In general (</ Table I) the variation index for h is of 
the order of 5 per cent of /«, but it is irregular, to the reasons for this already mentioned 
it is to be added that not the same ten Individ uals were used throughout the experiment. 
The measurements are therefore comparatively deficient in the matter of homogeneity 

In other sets of observations injections of adrenalin, strychnine, and picrotoxm were 
administered to groups of individuals, chiefly to test possible improvement of responsive- 
ness. No conditions were found however, which served to prevent the effect of con 
tinned darkness or dim illumination in producing the gradual stupor and imm obilization 

m 

The observations secured with Phrynosoma are summarised m Table I 
They are given as log mean critical intensities (millilamberts), with the 
P E ’s of the dispersals of the individual ten means of three observations 
on each of ten individuals The temperature was 27.5° ± 0.3° As shown 
m Fig 1, the data of Table I are well described by a normal probability 
integral m log T m The maximum to which the probability gnd in Fig 1 
is computed is — 42 4 flashes per second It is notable that there is 
no “ins effect” such as previously found with the gecko (Crozier and Wolf, 

1938- 39 b ) 

Among the response contours with which that for Phrynosoma may be 
compared the closest parallel is that given by the “cone” segment for fishes 
of the Plaiypotcxlxus group (data m Crozier, Wolf, and Zerrahn Wolf, 
1937, 1937-38o, 1938 6, Croner and Wolf, 1938 o, 6, 1938-39 o, 1939, 

1939- 40 c) Fig 2 exhibits the general sunilanty of these curves With 
the measured contours for other vertebrates greater differences are ap- 
parent The cone curve for Rana (Crozier and Wolf, 1939-40 b ), and the 
simplex curve for the turtle Pseudemys (cone retina, Crozier, Wolf, and 
Zerrahn Wolf, 1938-39 o) are also traced in Fig 2, as well as the simplex 
curve for the gecko S phaer odaclylus (rod retina, Crozier and Wolf, 1938 6) 

It is apparent that greater differences are found m the shape constants and 
inflection levels of the cone curves for different animals than between the 
“rod” and cone curves of turtle and gecko In the fishes we have studied 
the cone segments range in form (steepness) between that for Plalypoectltus 
(Fig 2) and that for Fundulus (Crozier and Wolf, 1939-40 c) a 
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slope very dose to that for the turtle Pseudemys On the other hand the 
forms of the cone curves for the frog and for the newt Tnturus (Crozier and 
Wolf, 1939^0 d) are very dosely alike 

In making these comparisons we are disregarding differences of tempera- 
ture involved m the several cases This is chiefly because our major in- 
terest is with the form and the maximum F for the different curves We 
have abundant evidence that the shape constants ( c\ os j) and the values of 
F max are not dependent on the temperature (Crozier, Wolf, and Zerrahn- 
Wolf, 1936-37 b, 1938-39 a, Crozier and Wolf, 1939, 1939-40 a, c) The 

TABLE I 

Mean critical intensities, as log I„ (millilamberts), for response to visual flicker by 
the homed lizard Phrynosoma at 27 5° ± 0 3°, with II = In, 30 observations (three on 
each of ten individuals) at each flash frequency F/sec , P E j is the P E of the dispersions 
of the individual means 


F 

lo 2 7 r, 


2 

i 2499 

2 3320 

S 

1 6739 

2 0917 

10 

1 8116 

1 6532 


1 9098 

2 3687 

15 

0 2243 

2 7950 

20 

0 4283 

2 9070 


0 3464 

1 9848 

25 

0 6469 

1 1038 

30 

0 8568 

1 7700 


0 7302 

I 3911 

35 

1 1136 

1 7999 

38 

1 3730 

1 9785 

42 

2 0330 

0 1204 


data basic to Figs 2 and 3 were obtained at two mam temperatures for 
gecko and for Phrynosoma f = 27 5, for the others, excepting man (37 5°), 
the temperature is 21 5° We do not know the specific temperature char- 
acteristics for the shift of the abscissa of inflection, except for Pseudemys 
(Crozier, Wolf, and Zerrahn-Wolf, 1938-39 a, Crozier and Wolf, 1939-40 c) 
and Platypoectlius (Crozier and Wolf, 1939-40 a) We do, however, know 
that m all seven cases examined elevation of temperature moves the F — 
log I curve toward loner intensities, without changing its shape Con- 
sequently the unusually high \alue of the abscissa of inflection m the 
Phrynosoma = 0 42, cf Fig 3) is not due to the high temperature pre- 
vailing during the observations Chaffee and Sutcliffe (1930) noted that 
for the electrical responses of the Phrynosoma retina the intensity thresholds 


r 

4 + 
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■were much higher than for the frog eye The (cone) curve for certain birds 
(42.3°) we are now engaged in studying is not so steep as that for Pltry- 
nosoma and its r' is very much lower (t' = ca 3 70) 



Fio 1 Flash frequency F and log mean critical Hash intensity for reaction of 
Phrytmoma to fllcLer light time - 0.5 /F temperature — 27 J F given aa percentage 
of F„. — A2 4/iec. on the ordinate ol a normal probability grid. 


The maximum value of P to which response is obtainable is a function of 
retinal area (cf Crosier, Wolf, and Zerrahn Wolf, 1937-38 c), . ■ 

animal To what extent this is true m comparing different 
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fhryn osoma 


Fig 2 The probability integral of Fig 1 for the observations on Phrynosoma (cone 
retina), and for comparison the curves obtained with turtle (cone retina), gecko (rod 
retina), and the cone portions of the duplex curves for frog and Platy, see text 



J 

Fig 3 The curves of Fig 2, and the cone curve for a human subject, transferred to 
a probabibtj gnd (F ^.-r = 100 in each case), to facilitate certain comparisons, see text 

course another matter But ve also know that Faun is a function of the 
light time fraction in the flash cycle ( cf Crozier, Wolf, and Zerrahn-Wolf, 
1937-38 d , Crozier and Wolf, 1939-40 c, 1940-41 a ) and that the factors 
of direct rectilinear proportionality connecting and r' with the per- 
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centage dark time are functions of the particular animal Since we like- 
wise know that the shape constant ,) for the (cone) response contour 
is mdependent of the flash cycle light time ratio, the proper basis for the 
intercompanson of the forms of the various contours is found in their 
representation on a probability integral grid m which for each case = 
100 per cent This is given in Fig 3 from the data on various vertebrates 
already represented in Fig 2, and in additional data on man (cf Crosier, 
Wolf, and Zerrahn Wolf, 1937-38 b) The respective values of P mtx . (for 
l L =* t D ) are Man, 56 7, Pseudtmys, 52 6, PlaiypocciUus, 461, Pkryno- 
soma, 42 4, Rana, 40.5, Sphacrodactylus, 26 8 It is apparent from a 
consideration of these and other similar data that there is no formal assoaa 
turn among the values of the three parameters of the probability integral 
which efficiently describes these data This conclusion is reinforced by the 
examination of comparable data provided by various arthropods (cf Crozier, 
Wolf, and Zerrahn Wolf, 1938-39 b) There is thus given one part of the 
proof that three independent parameters are necessary and sufficient for the 
description of the flicker response contour, — such as are provided by the 
three constants of the probability integral, namely the asymptotic man 
mum Faa., the abscissa of inflection t', and the standard deviation of the 
first derivative of the curve, <r ^, , The complementary portion of the 
proof is obtained from the results of independently modifying each of these 
parameters through the experimental control of retinal area, body tempera 
turn, and the light time ratio in the flash cycle (cf Crozier and Wolf, 
1939-40 e) 

The data on Phrynosoma reinforce considerations respecting the general 
doctrine of visual duplenty in vertebrates which we have elsewhere men 
tioned (Crozier, Wolf, and Zerrahn Wolf, 1938 a, Crozier and Wolf, 1938 o, 
1938-39 b, 1939) Purely cone flicker threshold curves of a turtle, the 
horned toad, and a bird (zebra finch) considered in a succeeding paper, are 
found to differ more m essential respects than do the (purely rod) curve of 
Sphacrodaclylus and the (cone) curve of Pscudcmys We are well aware 
that in entering upon such comparisons it must not be lost sight of that 
the index responses of each animal used are necessarily peculiar to itself 
But under the conditions of these tests the end points are at least congruous 
m the sense that they are threshold motor responses As such they prob- 
ably have as much essentially in common, among different animals, as do 
the rod and cone end points m a given animal with visual duplenty — for 
example, in man In any case, therefore, the correlation of histological 
receptor types with visual discriminative capacity m the matter of flicker 
cannot be made on the basis of the quantitative properties of the response 
contours alone 
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SUMMARY 

The lizard Phrynosoma, with purely cone retina, provides a simplex 
flicker response contour (log critical flash intensity as a function of flash 
frequency) It is well described as a normal probability integral (F — 
log I) 

The Phrynosoma curve differs markedly, m higher slope and in higher 
median intensity level, from that obtained under the same conditions for 
the turtle Psettdemys, also with entirely cone retina Other comparisons 
having a bearing on the duplexity doctrine are discussed 
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When a solution of pepsinogen is acidified to pH 1 0-5 0, one or more 
reactions take place producing pepsin and certain polypeptides It was 
previously noted by the writer that one of these polypeptides has a power 
ful inhibiting action on pepsin at pH 5 0-60 (1) The present paper de- 
scribes the isolation, crystallization and properties of this inhibitor of 
pepsin 

The decrease m milk clotting activity at pH 5 7 of a standard pepsin 
solution is used as a measure of inhibitor activity 

Preparation of the inhibitor consists of activation of the pepsinogen at 
pH 1 0-2 0 for a very short time followed by rapid alkali inactivation of 
the pepsin Precipitation of the denatured pepsin is brought about with 
trichloracetic aad The inhibitor remains dissolved in the trichloracetic 
acid filtrate The total nitrogen in the trichloracetic aad filtrate is about 
15 per cent of the original pepsinogen nitrogen, half of this non protein 
nitrogen is inhibitor nitrogen Separation of the inhibitor from the inert 
polypeptides has been accomplished by repeated fractional precipitation first 
with tungstic acid at pH 1 0 2 0 and second by magnesium sulfate m the 
presence of tnchloracetate ion at about pH 3 0 When fractionation has 
brought the specific inhibiting activity i c the inhibiting activity per mdh 
gram nitrogen [I U L, N to above 60 per cent of the value of the pure 
inhibitor the preparation may be crystallized Half saturated ammonium 
sulfate pH 5 0 room temperature and 3 0-5 0 mg of inhibitor nitrogen 
per ml arc the conditions required for crystallization The material first 
precipitates as clear spheroids which on standing form rosettes of fine 
needles as may be seen in Fig 1 

Fractional recry stallization and solubility experiments indicate the pres- 
ence of not more than 20 25 per cent impurity in the material of highest 
specific activity 

The inhibitor is destroyed by pepsin between pH 2 0-5 0, with a rate 
maximum near pH 4 0 
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The reversible combination of pepsin with the inhibitor follows quantita- 
tively the simple mass law equation arranged for a similar reaction by 
Northrop (2) 



Fig 1 Crystalline inhibitor of pepsin 


The proteolytic action of pepsm as well as the milk clotting action is 
inhibited at pH 5 7 Dissociation of the pepsin inhibitor complex prevents 
tests at a more acid pH There was no demonstrable effect of the inhibitor 
on crystalline trypsin as measured by the digestion of hemoglobin at pH 
7 0-8 0, nor the milk clotting action of crystalline chymotrypsin or com- 
mercial rennet at pH 5 7 The ciystalhne tiypsin inhibitor (3) had no effect 
on the milk clotting action of pepsin This indicates a high degree of 
specificit) among the inhibitors and is additional proof that the enzyme, 
rennet, is different from pepsin An interesting result was obtained when 
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pepsin from different species was tested with swine pepsm inhibitor Bo- 
vine pepsin was inhibited to the same degree as swine pepsm but chicken 
pepsin was not inhibited at all On the other hand, crude inhibitor solution 
prepared from chicken pepsinogen inhibited both swine and bovine pepsin 
but had no effect on the chicken pepsm 

Certain chemical and physical properties have been determined, such as 
the isoelectric point, optical rotation, elementary analysis, ammo nitrogen, 
and rate of diffusion A few amino acids making up the inhibitor have been 
roughly estimated as well as the number of peptide linkages. The indica 
tions are that the inhibitor has basic groups exposed since it 13 precipitated 
by many reagents used to precipitate basic substances, namely, tungstic, 
phosphotungstic, flaviamc, picric, and picrolomc acids The mam basic 
ammo acid is probably arginine The molecular weight, as determined 
by diffusion and the tyrosine content and combining equivalence with 
pepsm lies somewhere between 4,000 and 10,000 

EXPERIMENTAL RESULTS 

Preparation 0] Cryslailine Inhibitor 

Preparation of Crude Inhibitor Solution from Pepsinogen — Punned swine pepsinogen 
as previously described (1) was first dialysed, adjusted to 2 mg P.N' /ml. and titrated 
to pH 2 0, temperature - 20-25*C for 1 minute, then brought to pH 11 0-12 0 with 5 
H sodium hydroxide where It was allowed to remain for 5 minutes. Acidification to pH 
2 0 was then brought about by the addition of 3 0 normal trichloracetic arid. These 
reagents were all added In fairly concentrated form to prevent too great a dilution and 
the amount required determined on an aliquot so that all solutions could be mixed 
rapidly After standing about 20 minutes the precipitate was filtered off with suction 
and washed with 2.5 per cent trichloracetic acid. The filtrate and washings containing 
the Inhibitor were combined and, as may be seen, solution No 2 of Table I (analysis of 
an actual preparation) contains about 0 11 mg inhibitor units [I U j m i_ and 0.3 mg total 
nitrogen per ml Thus the specific [I U 1— # ■ n Is 03 From this It follows that one 
gets about 0.06 [I U ] per milligram of original pepsinogen nitrogen 

Fractionation Procedures 

Tungstic And —The Inhibitor is precipitated from the trichloracetic add filtrate as 
follows 03 mb of 5 per cent sodium tungstate (0 16 u) fs added for every 100 ml of 
filtrate the predpltate centrifuged or filtered, and discarded. To the supernatant Is 
added 5 ml. of 5 per cent aodfum tungstate per 100 mL supernatant. This residue con 
taming about 75 per cent of the activity is dissolved by titrating llowly until pink to 
pbenolphthalein. The tungstate 13 precipitated by addition of an excess of barium 
chloride and the tungstate centrifuged ofl followed by removal of excess barium Ion by 
acidification with dilute sulfuric acid and addition of sodium sulfate until no further 
predpltate of banum sulfate appears. 

Magnesium Sulfate Tnchloraatate Ion —After filtering oS the banum sulfate and 
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TABLE I 

Preparation of Pepsin Inhibitor 


Procedures and materials 

No 

Quan 

tity 

[LU)ml 

Total 

PU) 


■ 


■ 




mt 


Dialyzed freshly prepared pepsinogen 

Solution No 1 + 1 liter water + 80 ml n/1 

B 




5 2 


hydrochloric acid for 1 min at 25°C then 
+ 150 ml n/ 1 sodium hydroxide, pH ■= 11, 
allowed to stand 3 min followed by 50 ml 

3 N trichloracetic acid, pH = 2, left 20 min , 
filtered and residue washed with 300 ml 2 5 
per cent trichloracetic acid Residue dis- 
carded Filtrate and washings 

2 

2665 

0 11 

290 

0 33 

0 3 

No 2 + 5 ml of 5 per cent sodium tungstate 







solution, stirred + 5 gm Filter-Cel, filtered 
and to the filtrate was added ISO ml 5 per 
cent sodium tungstate, filtered with the aid 
of 10 gm of Filter-Cel Precipitate 

( 

3P 






Filtrate 



0 0032 

9 

0 075 

0 043 

No 3P + 500 mL water + 40 ml n/ 1 sodium 







hydroxide to pH 9 (pmk to phcnolphthalein) 
then + 75 ml m/ 1 banum chloride, let stand 
10 nun , filtered and washed precipitate 
twice with water Filtrate + 75 ml m/ 1 
sodium sulfate + 0 5 n sulfuric acid to pH 
3.5, filtered Filtrate 

4 

725 

0 3 

220 

0 74 

0 4 

No 4 + 1450 ml of the magnesium-tnchlor- 







acetate solution (2750 ml saturated mag- 
nesium sulfate + 200 ml 3 n trichloracetic 
aad + 30 ml 18 n sodium hydroxide) let 
stand 48 hrs and filtered with the aid of 15 
gm Hyflo Super-Cel Precipitate 

5P 






Filtrate 

5F 

2200 

0 015 

33 

0 087 

0 17 

Inhibitor dissolved out and separated from the 
Super-Cel Solution 

No 6 diluted to 1800 ml with water then + 6 

6 

158 

1 15 

182 

2 0 

0 57 

ml. 5 N hydrochloric aad to pH 2 0 followed 
by 90 ml. 5 per cent sodium tungstate with 
stirring Filtered Residue dissolved in 
water + n/ 1 sodium hydroxide until solu- 
tion is pH 9 0, then + 20 ml m/ 1 banum 
chlonde, centrifuged and residue washed once 
with 10 ml water To the combined filtrate 
and washings 20 ml m/ 1 sodium sulfate and 
sulfunc aad to pH 3 0 was added follow ed by 
filtration Residue washed on funneL 







Filtrate 

7 

134 





No 7 + 200 mL of the magnesium-tnchlorace- 







tate solution (1.5 vol) + 1 gm of Hyflo 
Super-Cel, filtered Filtrate 

8F 

330 

0 082 

27 

0 22 

0 37 

Preapitate 

8P 
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TABLE I — Concluded 


Proadom tad ait*ria)* 


No. 


Oj»B- 


mi *r 

r* 


8P + water filtered and residue washed 
No 9 diluted to 240 mL with water then 4 5 
ml 5 N hydrochloric add to pH 2 0 and 4 50 
oh 5 per cent sodium tungstate, cectnfuged. 
Residue 4 15 ml 05 H sodium hydroxide 4 
15 ml. 5 n sodium hydroxide to pH 9 0 then 

4 10 mL m/ 1 barium chloride let stand G5 
hr., centrifuged and residue washed with 5 
mL water Washings 4 supernatant 4 6 
ml u/1 sodium sulfate 4 05 M sulfuric add 
to pH 5 0, cooled to 3*C., centrifuged, 
supernatant 

No. 10 -f 1 .25 ml 4 upH 5 0 acetate 4 16 gm. 
solid ammonium sulfate to 05 saturation, 
stirred at 25°G solution dear for at least 

05 hr Left 20 hr*, at room temperature. 
Good crystals formed. Aliquot centrifuged. 

Supernatant 

Crystal precipitate dissolved 
Inhibitor in mother liquor No. 11 separated 
from ammonium sulfate by precipitation 
with an excess of sodium tungstate at pH 2 0 
followed by removal of tungstate ion from 
residue by solution at pH 9.0 then addition 
of barium chloride and after filtration of 
barium tungstate, excess barium was re- 
moved from the filtrate by addi tion of excess 
sodium sulfate Solution 

A simltir treatment was used to separate the 
Inhibitor from the ammrmhim sulfate in the 
solution of the crystals. No 12 


9 


10 


11 

12 


13 


14 


115 
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analysing for inhibitor activity and nitrogen the inhibit! 
addition of 2 volumes (or if the inhibitor solution cental 
15 volumes) of a reagent made up of 200 ml 3 0 N trie 
sodium hydroxide 4 2750 ml saturated magnesium sul 
and the filtrate discarded. The residue dissolves readily ii 
These fractionation procedures were applied alternab 
step both residue and filtrate were analyzed for inhibit! 
before discarding either Fractionation was continued t 
the activity nitrogen ratio was 0 6 or better 

Cryslalhzatum 
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nitrogen per ml was then titrated to pH 5 0 with sodium acetate or acetic acid and solid 
ammonium sulfate added with care until the concentration was 0 5 saturated This 
requires 31 5 gm per 100 ml solution The solution should be clear after dissolving 
the ammonium sulfate but after a few minutes a precipitate appears composed of micro- 
scopic spheroids and on standing 12-24 hours the spheroids change to rosettes of tiny 
needles (Fig 1) Recrystallization may be carried out by solution of the crystals m a 
small volume of m/10 pH 5 0 acetate followed by addition of an equal volume of satu- 
rated ammonium sulfate solution at room temperature 

Tests of Purity 

Fractional Recrystallization — An inhibitor preparation was fractionally 
recrystallized to see if there was any drift m properties indicating the pres- 
ence of impurities The results in Table II show no gross separation or 
drift indicating an inhibitor of higher activity The differences are of the 
same order as the error of the experimental methods 


TABLE II 

Fractional Recrystallization of Inhibitor 


Fraction 

Original material 

Specific activity 

II U Jmg N 

First crystal cake 

per cent 

100 

0 83 

Second crystal cake 

33 

0 95 

Mother liquor of second crystallization 

16 

0 95 

Third crystal cake 

13 

0 95 

Mother liquor of third crystallization 

20 

0 75 


Solubility Curve — The solubility curve shown in Fig 2 indicates that the 
preparation having a specific inhibitory value of 0 9 probably contains not 
more than 25 per cent impunty 

Experimental Procedure 

Fig 2 represents the solubility of the amorphous form of the inhibitor at 23°C ap 
proached from the supersaturated side of the equilibrium The technique was for the 
most part similar to that described elsewhere (4) The solvent used in this experiment 
is composed of tv o solutions, first the dissolving solution, m/50 pH 4 0 acetate buffer, 
and the precipitating solution made up in the following way to 2750 ml of saturated 
magnesium sulfate, specific gravity 1 296, is added 200 ml of 3 0 N trichloracetic acid 
and 30 ml 18 N sodium h>droxidc The complete solvent is made up of 45 parts of the 
dissolving acetate and 55 parts of the precipitating magnesium sulfate-tnchloracetalc 

Inactivation of Inhibitor by Pepsin 

It was soon found that whereas pepsin free inhibitor solutions are stable 
for long periods of time at acidities varying from pH 1 0-10 0 in the presence 
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of pepsin the inhibitor is rapidly inactivated with a pH maximum near 
pH 3 5, as may be seen in Fig 3 There is an increase in amino nitrogen, 
as measured by Van Slyke’s gasometnc method, amounting to approxi 
mately 8 per cent of the total nitrogen or about 5 amino groups per molecule 
if we assume a likely molecular weight of 5,000 for the inhibitor 



Mg total 

Flo 2 Amorphous solubility curve of inhibitor in a magnesium flulfate-trichloracrtate 
solution at 23 C 



Fio 3 pH inactivation curve of Inhibitor in tbe presence of pepsin 

These experiments 116 strong evidence that the inactivation of the mhibi 
tor is in fact a hydrolysis catalyzed by pepsin In this connection it might 
be pointed out that the pH maximum at pH 3.5-4 0 shown m Fig 3 is close 
to that found by Fruton and Bergma nn for the hydrolysis of their synthetic 
substrates by pepsin (5) 
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Experimental Procedure 

To 2 ml of a pepsm solution at approximately the desired pH containing 250 rennet 
units per ml were added 2 ml of a crude inhibitor solution containing 250 inhibitor 
units per ml and 0 5 ml of m/10 acetate buffer of the desired pH The temperature 
was 35°C At certain time intervals samples were taken and diluted 0 1/10 in m/10 
pH 5 7 acetate After standing 30 minutes the milk clotting activity was determined 
and the amount of inhibitor calculated Curves were plotted and the times for 50 per 
cent destruction were read off the curves 

For the amino nitrogen analyses a highly purified sample of inhibitor of specific 
activity = 10 was used To a solution containing 1 6 mg inhibitor nitrogen at pH 3 5 
was added a dialyzed pepsm solution to bring the pepsm protein nitrogen to 0 2 mg per 
ml Immediately after mixing and again in 60 hours samples were analyzed for in- 
hibitor action and Van Slyke amino nitrogen 

Application of the Mass Law to the Combination Reaction of 
Pepsin and Inhibitor 

Some evidence has been obtamed to indicate that the combination of 
pepsm with the inhibitor is a simple reversible dissociation as illustrated 
m equation I 

Pepsin + inhibitor inhibitor pepsin compound (I) 

This type reaction should follow the mass law which m its simplest form is 
equation II 

[Pepsm] [inhibitor] /TT , 

— — — = constant UN 

[Pepsm-inhibitor compound] 

where the values within brackets are concentrations In using the simplest 
form it is assumed that one molecule of pepsm reacts with one molecule of 
inhibitor 

Equation II cannot be used as such but may be rearranged as was done 
by Northrop (2) so that it will contain terms that are easily measurable 
The equation used m the present work is the same as that used by Northrop 
with a few mmor changes m symbols and is equation III, 

* - 

where P f — free pepsm, P t ~ total pepsm, I t = total inhibitor expressed 
in terms of pepsm umts, and K = the constant for the equation 

In order to use this equation, the total inhibitor concentration used must 
be constant and the total pepsm concentration varied The free or un- 
combmed pepsm is determined and the combmed pepsm obtamed by the 
difference between the total and free pepsm It is also necessary to make 
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certain assumptions which, as nearly as could be tested, are valid namely, 
that the pepsin inhibitor compound has no activity and that on addition of 
the compound into the Klim solution there is no appreciable dissociation due 
to dilution before the Klim is dotted 
When the amount of total pepsin is plotted against the combined pepsin 
we get a smooth curve, as seen m Fig 4, which approaches a limiting value 
depending on the amount of inhibitor used Since the above equation 



Fig 4. Effect of increasing amounts of pepsin and inhibitor on the amount of pepsin 
bound by the inhibitor at pH 5 7 The points are the determined values. The solid 
line* are the theoretical enrves calculated from the mass law as indicated in the text 
The broken lines indicate the course if the reaction were stoichiometric. 


(Hi) calls for the inhibitor in terms of pepsin units, this limiting value or 
maximum value of pepsin to combine with the indicated amount of inhibitor 
can be substituted for the inhibitor concentration In other words, the 
total inhibitor is expressed as that amount of pepsin with which the inhibitor 
^ill combine when there is a large excess of pepsin 

the present instance the pepsin equivalent value for the inhibitor was 
obtained only from curve I, , 0 00025 mg inhibitor nitrogen is equivalent 
to 0 4 pepsin rennet units The pepsin equivalent values for the inhibitor 
m curves H, in, and IV were calculated from curve I This was possible 
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since the amount of inhibitor nitrogen used m these curves was prede- 
termined 

The sohd lines are the calculated curves obtained by calculating back with 
the equation using an average value of the constant K 

It may be seen in Fig 4 that the experimental pomts show a reasonable 
approach to the calculated curves 

If one takes the figures obtained from the above experiment, namely 
that 0 00025 mg inhibitor nitrogen is equivalent to 0 4 rennet units of 
pepsin or approximately 0 0012 mg pepsin nitrogen, one may then calculate 
the molecular weight of the inhibitor Such a calculation has been per- 
formed and it indicates a molecular weight of about 7,000 

TABLE m 


Reaction of Inhibitors from Different Species with Different Pepsins 


Source of inhibitor 

Enzyme 

Substrate 

pH 

Inhlb 

itlng 

action 

Swine pepsinogen 

Swine pepsin 

Klim (milk clotting action) 

5 7 

+ 

It tt 

tt it 

Denatured pepsin 

5 7 

+ 

u tt 

ti tt 

“ hemoglobin 

S 7 

+ 

tt tt 

Bovine “ 

Klim (milk clotting action) 

5 7 

+ 

it tt 

Chicken “ 

tt tt tt tt 

5 7 

— 

Chicken “ 

Swine “ 

ti it it ti 

5 7 

+ 

tt tt 

Bovine “ 

tt tt tt It 

5 7 

+ 

tt tt 

Chicken “ 

tt It tt tt 

5 7 

— 

Bovine trypsin inhibitor 

Swine “ 

tt tt tt tt 

5 7 

— 

Swine pepsinogen 

Bovine chymotrypsm 

tt tt tt tt 

5 7 

— 

it (l 

“ rennet 

ft tt ft tt 

5 7 

— 

It ti 

“ trypsin 

Denatured hemoglobin 

7 6 

— 


Experimental Procedure 

To a 1 ml amount of inhibitor solution (the concentration of which is stated in Fig 4) 
in a senes of tubes -a as added a 1 ml of pepsin of vanous concentrations dissolved in 
m/10 pH 5 7 acetate These solutions were left at 35°C for 30 minutes after which the 
milk clotting activity was determined m the usual way The inhibitor had a specific 
inhibiting value per milligram of mtrogen of 0 9 while the pepsin was a 2 times crystal- 
lized Cudahy pepsin preparation of [P U ]^j> =03 and [P U ]^£p.n *= 300 

Comparisons of Inhibitors from Various Sources on Different Enzymes 

It was of interest to see whether the pepsin inhibitor had any action on 
other proteolytic enzymes than pepsin and to see if other inhibitors affected 
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pepsin In the experiments, the results of which are summarized in Table 
IU, all concentrations of inhibitor were equal to or greater than that used 
in the normal pepsin estimation so that one might easily expect to detect 
any appreciable action of the inhibitor 

The results show that the high degree of specificity usually associa ted 
with enzymes also exists among some inhibitors of enzymes This is shown 
clearly in the fact that rennet from calves’ stomachs is not inhibited whereas 
the milk clotting activity of bovine pepsin is inhibited to exactly the same 
degree as swine pepsin On the other hand, chicken pepsin is not inhibited 
but the inhibitor prepared from activated chicken pepsinogen inhibits swine 
and bovine pepsin but not the homologous chicken pepsin 

Chemical and Physical Properties 

Some of the chemical and physical properties of the purified inhibitor 
[I U N — 0 95, have been collected together m Table IV 

In Table IV B are a few ammo acid analyses along with certain other 
analyses and certain values deduced from them For instance, assuming 
the molecular weight to be 5,000 there are then 57 atoms of nitrogen 
per molecule of inhibitor In the intact inhibitor there are 8 free amino 
nitrogens while after acid hydrolysis there are 38 It follows therefore that 
there has been an increase of 30 ammo groups but 3-4 of this increase of 
ammo groups was found to be the amide nitrogen which on acid hydrolysis 
yields ammonia Therefore there are a possible 26 peptide linkages There 
must also be some 19 non amino nitrogen The arginine content of 31 
per cent represents about 7-8 molecules of arginine per inhibitor Since 3 
of the 4 nitrogens in the argirune molecule are non ammo all of the non- 
ammo nitrogen can be explained by the arginine content The tyrosine 
content is so low that a fairly exact molecular weight can be obtained The 
analysis by the Fohn phenol test after acid hydrolysis of the inhibitor and 
comparison with a solution of standard tyrosine yields 0 32 per cent which Is 
1 tyrosine per molecule of a 4400 molecular weight inhibitor or 2 per mole- 
cule of 8,800 molecular weight. The tryptophane test of May and Rose 
is negative 

It seems very likely that the Inhibitor has a number of strongly basic 
groups exposed for it is precipitated from dilute solution practically quan 
titatively by tungstic, phosphotungstic, flavianlc, picnc, and picrolomc 
acids, all of which are supposed to precipitate basic substances The rela 
tively high content of arginine would tend to account for this. 
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Experimental Methods 

Pepsin Mill Gelling Activity Measurement — This measurement was earned out 
ex 2 ctl\ as described in the experimental methods of a previous paper (1) The rennet 
unit of pepsm activity is also defined. 

Inhibitor Activity Measurements — A Pepsin Control — 1 ml of a solution of pepsm 
containing 1 0 rennet units, 1 0 [R.U ] in m/10 pH 5 7 acetate was added to 1 mL of m/10 


TABLE IV 

Chemical and Physical Properties 



A 


Property 

Method of analysis 

Per cent of moisture free 
material 

c 


48 07 

H 


8 07 

N 

Dumas 

16 65 

N 

Kjeldahl 

16 7 

Ash 


0 5 

U PH 7 

JJ gUL 


-104° 

Diffusion constant 

Northrop and Anson 

0 09 cm Vday 

LEP 

Cataphoresis of collodion particles 

pH 3 7 

Molecular weight 

Diffusion 

8,000 

Molecular weight 

Tyrosine content 

(5 , 000)„ 


B 




Per cent of 
total nitrogen 

No /molecule* 

Primary amino N 

Van Slyke gasometnc 

18 

8-9 

Amide N 

Alkaline distillation after acid hy- 
drolysis 

6 5 

3 

Non-ammo N 

Difference between total N and 
NHjN after acid h> drolysis 

23 

19 

Peptide linLages 

Difference between total NHr-N 
after h% drolysis and original 
NH r N plus amide N 


27 

Arginine | 

Salaguchi 

31 

8 

Tryptophane 

ilaj and Rose 

0 

0 

Tyrosine 

Folrn phenol 

0 4 

1 


* Assuming a molecular weight of 5,000 


pH 5 7 acetate buffer, left 10 minutes at 35°C 0 5 ml of this solution is then pipetted 

into 5 mb of 20 per cent Klim in m/10 pH 5 0 acetate at 35°C and the time of clotting 
noted It should be \ en close to 2 minutes 

B Inhibitor — 1 mL of the same pepsm solution as used in A is added to 1 ml of a 
dilute (0 0001-0 0003 inhibitor units, [I U ] per mL) solution of inhibitor in m/10 pH 5 7 
acetate and placed at 35 3 C for 10 minutes after which 0 5 mL is put into Klim and the 
time recruired for clotting noted 
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C Calculation of Inhibitor Activity and the Units —The per cent inhibited is obtained 
by instituting the two dotting time values in the formula 

' dotting time of Inhibited solutlon X'l 
v dotting tune of control lolution / J 

Having the per cent inhibited, one reads off directly from the curve in Fig 5 the inhibitor 
units [I U ] or the equivalent amount of pure inhibitor nitrogen The unit inhibitor ac 
tivity [I U 1 is the inhibiting activity of 1 mg of Nof the purest inhibitor such as that used 
in obtaining the curve in Fig 5 which was crystalline and nearly lolnbihty pure Ex 
pressing it in another way 2 X 10" 4 [I U ] will cause 50 per cent inhibition of the standard 
pepsin solution when treated as described above This may be seen by examining Fig. 5 
The sped fie inhibiting activity is merely the inhibiting activity per milligram of nitrogen 
ff U When the inhibitor is pure the [I U will, of course then be 1 0 


Per cent inhibited *= 100 


[- 



Fio 5 Inhibitor-activity calibration curve 


pH —Unless otherwise stated all pH determinations were earned out with the aid of 
Clark and Lubs indicators. The pH values given are those of standard buffer solutions 
giving the same color with a proportional amount of indicator 

Nitrogen — Nitrogen estimation was by the raicro-Kjeldahl as previously described 
Pepsin —The pepsin used m the estimation of inhibitor was a glycennated 2 times 
crystalline Cudahy preparation having 300 rennet units per milligram protein nitrogen 
Pepsinogen — The pepsinogen used to prepare the inhibitor was prepared exactly as 
previously described (1) 


smaiARY 

A method hug been described for the isolation and crystallization of swine 
pepsin inhibitor from swine pepsinogen 

Solubility experiments and fractional rccrystallization show nojinft ui 
specific activity , A K 
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The reversible combination of pepsm with the inhibitor was found to 
obey the mass law 

The inhibitor is quite specific, failing to act on other proteolytic and 
milk clotting enzymes The inhibitor is destroyed by pepsm at pH 3 5 

Chemical and physical studies indicate that the inhibitor is a polypeptide 
of approximately 5,000 molecular weight with an isoelectric point at pH 3 7 
It contains arginine, tyrosine, but no tryptophane and has basic groups in 
its structure 
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CHEMICAL PACEMAKERS 


IH Activation Energies op Some Rate-Lhihing 
Components op Respiratory Systems* 

By ZAREH HADIDIAN aud HUDSON HOAGLAND 
{Prom the Pkynotopcal Laboratory, Clark UtmonUy, WordStar) 

(Received for pubhcation, September 23, 1940) 

INTRODUCTION 

In a previous paper Hadidian and Hoagland (1939-40) studied activa 
bon energies, a values as calculated from the Arrhenius equation, 1 for the 
two major components of the crude beef heart extract obtained by the 
method of Stotx and Hastings (1937) In this system succinic acid loses 
hydrogen in the presence of the extract’s succmo-dehydrogenase and be 
Hornes fumanc acid The hydrogen then combines with oxygen in the 
presence of the extract’s cytochrome-cytochrome oxidase The consump- 
tion of oxygen in Warburg vessels can thus serve as a measure of the total 
reaction’s velocity 

Hadidian and Hoagland found that (1) the respiratory enzyme system 
extracted from the beef heart, and presumably containing two major 
enzyme components, yielded a ft value of 11,200 ± 200 calories, (2) this 
'it value shifts abruptly to 16,000 ± 200 calones when the enzyme system 
is poisoned with a critical amount of NaCN, thus suggesting that the former 
value is characteristic of the dehydrogenase activity and the latter of 
oxidase activity, — since cyanide, by reducing the availability of the on 
dase, would, at a critical concentration, male this the limiting slow step 

* Thu investigation ban been aided by a grant from the Penrose Fund of the American 
Philosophical Society We also wish to express our thanks for the technical assistance 
of Miss Alathea Warren and Mr Eugene L. Watkins who performed some of the ex 
perlments described m this paper 

1 The Arrhemus equation V — Ze~ ?fvz describes the speed of a variety of chemical 
reactions as a function of temperature, where V Is chemical velocity e Is the base of 
natural logarithms, T is the absolute temperature Z la a constant R is the gas constant, 
equal to 1 .99 or 2 caL/mol, and a is the critical thermal Increment or energy of actrva 
tlon i-r. the amount of energy per mol above the average energy of the system required 
to render the particular molecules reactive. Taking logarit hms on both aides of the 
equation we obtain, log V - C - p/2.3 RT and, if the dita fit the equation, a plot of 
log V against 1/7' should give a straight line, with intercept C and negative slope p/4 6 
From the slope of the line the p value in calories per mol may be calculated 
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or chemical pacemaker in the chain , (3) this view is further confirmed by the 
fact that the n value shifts back to 11,200 calories if a critical amount of 
selenite, shown by Stotz and Hastings to be a specific poison for the de- 
hydrogenase, is added to the enzyme system already poisoned with suffi- 
cient cyanide to yield a p of 16,000 calories It was thought desirable to 
study further the various components involved in this reaction system to 
determine whether these same activation energies, or n values, could be 
obtained from the isolated components If 11,200 and 16,000 calories are 
respectively characteristic per se of sucono-dehydrogenase and cyto- 
chrome-cytochrome oxidase, then we would expect to obtain these same 
values in the study of the two components independently If, on the other 
hand, these values depend on the reactions (i e , all the reactants involved 
in a given step in the reaction), then different values may be obtained m 
the study of the isolated component enzymes reacting under varying condi- 
tions This latter view is to be expected smce the energy of activation 
refers to energy relationships between particular linkages of enzyme and 
substrate and these may vary not only from one substrate to another, 
but different parts of the enzyme molecule may also be active under vary- 
ing physical and chemical conditions In our previous paper (Hadidian 
and Hoagland, 1939-40) we were careful, for example, to point out that 
the fi value of 16,000 calories obtained under the conditions of our experi- 
ments was not necessarily always to be found associated with cytochrome- 
cytochrome oxidase The fact that the respective values of 11,200 and 
16,000 calories obtained from the enzyme extract agree with values ob- 
tained from experiments m vivo was regarded as especially significant 
The [l value may be the same for a given enzyme in the presence of a variety 
of substrates, as Gould and Sizer (1938) have shown, it may also be 
mdependent of pH and other variables over a wide range (Sizer, 1937), 
thus indicating that the same enzyme processes are involved in the split- 
ting of essentially identical substrate linkages from one substrate to an- 
other The temperature method of analysis may thus serve to help 
unravel the problem of enzyme specificity, both with regard to substrate 
specificity and to specificity of its own active centers 

To extend the study the following experiments were undertaken (1) 
temperature studies of the oxidation of ^-phenylenediamene catalyzed by 
the beef heart extract, a reaction presumably involving only the oxidase 
and not the dehydrogenase component of the system, (2) temperature 
studies of the succinate oxidation by pyrophosphate-poisoned enzyme, 
and (3) temperature studies of the succinate oxidation when a dye was 
substituted for the cytochrome-cytochrome oxidase component after this 
component had been inactivated by cyanide 
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To amplify the reasons for undertaking these three plans of investigation, 
it may be pointed out that the oxidation of ^-phenylcnediamine involves 
the oxidase component but not the dehy drogenase component, thus afford 
mg an opportunity for the independent study of the cytochrome cyto- 
chrome oxidase activity Pyrophosphate, according to Stotz and Hastings 
(1937), does not inhibit the dehydrogenase activity, but 6 X 10"‘ H of it 
does inhibit to about 38 per cent the oxidase activity Thus we might find 
that the pyrophosphate-partially poisoned enzyme would yield the same 
result as the cyamde-partially poisoned enzyme (* e , 16,000 calories), 
since both might presumably make the oxidase Btep the slow link, or 
pacemaker Addition of sufficient cyanide to the enzyme system stops 
the oxidation of succinate completely by poisoning the oxidase If to 
this system a reversible oxidation reduction dye with the proper po- 
tential is added as substitute for the oxidase, the oxidation of succinate 
is restored (Stotz and Hastings, 1937) By suitable choice of dye and 
of its concentration this reaction may be made to serve as a measure of 
the activity of the succino-dehydrogenase component 

Procedure 

Methods employed in the preparation of the enzyme, the measurement of oxygen 
consumption, the measurement of reaction velocities, and the calculation of u values 
are described In our previous paper (Hadidian and Hoagland, 1939-40) 

In all the ^-phenylenediamlne experiments fresh solutions of the ^-phenylenedi 
amine were prepared for each reaction It was noted that addition of high concentr* 
tions of pyrophosphate to the reaction mixture caused a considerable rise in the pH of the 
resulting mixture In all of these experiments the reaction mixture was buffered to 
pH 7 4 by the addition of KHiPO< When high concentrations, of cyanide were used, 
the pH was adjusted in a similar manner 

Stotx and Hastings (1937) found cresyl blue to be the most efficient dye In replacing 
the oxidase component We found experimentally that a mature containing 0-5 mL 
enzyme, 1 0 X 10"* u cyanide, and 5 0 X 10* 4 u cresyl blue In an atmosphere of pore 
oxygen gave oxygen consumption most nearly appr oximatin g that of the unpoisoned, 
freshly extracted, system 

Our reaction velocities w er e measured along the approximately linear portions of the 
reaction curves immediately following the ^initial lag ’ All experiments were re- 
peated at least once and the results found to check within the limits of experimental 
error 


RESULTS 

Oxidation of p-Phenylencdiaminc 

According to Stotz et at (1938) the oxidation of p phenylenedmmme In 
volves not only cytochrome c-cytochrome oxidase but also the Autoxidizablc 
relatively non-cyamde-sensitive cytochrome b In the f 
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used, about 20 per cent of the oxidation was apparently due to this latter 
factor functioning concurrently with cytochrome c If such were the case 
with the preparations used m our experiments, then the Arrhenius equation 
plot of temperature and velocity of this reaction would be expected to 
yield not a straight line but a curve concave upwards (Crozier, 1924-25) 
The fact that our temperature curves are rectilinear, as will be seen, sug- 
gests that if both cytochromes are appreciably involved they act sequen- 
tially and not concurrently unless the n values are identical or nearly so 
Our linear Arrhenius plots thus indicate either that ( a ) the two cytochrome 
steps are sequential or ( b ) they act concurrently with activation energies 
which are of the same order of magnitude We have, as yet, no satis- 
factory evidence to enable us to resolve these alternatives 

Fig 1 shows the oxygen consumption curves at different temperatures 
for the oxidation of ^-phenylenediamme The same enzyme preparation 
was used on 2 consecutive days Change in the activity of the enzyme was 
slight, so that the results of 2 days’ experiments could be plotted together 
Fig 2 shows the Arrhenius equation plot obtained from the data of Fig 1 
It is a straight line with a fi value of 9,500 If the concentration of p- 
phenylenediamine is reduced to 1/10 of the concentration used m these 
experiments, the velocity of the reaction is reduced by more than 60 per 
cent but the n value remains the same It is clearly not 16,000 calories 
which we had previously obtained when the oxidase component was the 
slow step in a sequence involving succinate and succmo-dehydrogenase 

Enzyme Poisoned with Pyrophospfiate 

Accordmg to Stotz and Hastings (1937) addition of 6 0 X 10~ 6 M 
pyrophosphate does not inhibit the dehydrogenase component, but doe s 
inhibit, by 38 per cent, the oxidase component as measured by />-phenylene" 
diamine oxidation It was found that addition of this concentration of 
pyrophosphate directly to the reaction mixture containing 1 5 ml of 
m/ 15 phosphate buffer (pH 7 4) causes a considerable rise m the pH of the 
resulting mixture If the mixture is buffered to pH 7 4 by the addition of 
KHjPCh, there is no inhibition of the />-phenylenediamme oxidation by 
concentrations of pyrophosphate as high as 6 0 X 10 -5 h, yet lower concen- 
trations than this at pH 7 4 may cause 90 per cent inhibition in the oxida- 
tion of succinate by the enzyme extracts (Fig 3) The dehydrogenase 
has been shown not to be poisoned by pyrpphosphate (Stotz and Hastings, 
1937) and the lack of inhibition of the ^-phenylenediamine reaction indi- 
cates that pyrophosphate does not poison the oxidase component We 
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thus have evidence for a step other than the two which involve Buccino- 
dehydrogenase and cytochrome c-cytochrome oxidase m the oxidation of 
euccmate which is acted upon by pyrophosphate This step apparently is 



Fro 1 Orygen consumption curves for oxidation of £-phenylenediamine at different 
temperatures 1 X 10 * u ^-phenylenediamme and 0.5 ml. enzyme. O — dctermma 
tions made the d&v of the preparation of enzyme. A - determinations made the 
following day 

The temperature In °C. Is given with each curve. 



Fro 2 Arrhenius equation plot of data given In Fig 1 /i — 9,500 

one of the sequence of steps involved m the oxidation of succinate as shown 
by the high degree oT inhibition produced by relatively low concentrations 
of pyrophosphate * 

Temperature studies of pyrophosphate poisoned reactions yield further 
support to this view Fig 4 shows the Arrhenius equation plot of such 
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Fig 3 Effect of varying concentrations of pyrophosphate on the succinate and 
^-phenylenediamme reactions />-phenylenediamine reaction Temperature 37°C , pH 
7 4, 5 0 X 10~ 5 m ^-phenylenediamine, 0 5 ml enzyme Succinate reaction Tempera- 
ture 37°C , pH 7 4, 6 0 X 10~ B m succinate, 0 5 ml enzyme 

Identical symbols indicate experiments done simultaneously with the same enzyme 
preparation 

_ , , Velocity of normal reaction — velocity of poisoned reaction 

Per cent inhibition <= — — 

Velocity of normal reaction 



zvme 6 0 X 10~ 5 M succinate 1 X 10 -5 m pyrophosphate 0 5 ml enzyme pH 
7 4 n = 17,500 
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data A n of 17,500 calories is obtained which differs from the two other 
values (11,200 and 16,000) obtained from this system.* 

Oxidation of Succinate by Enzyme in Which a Dye Is Substituted for the 
Oxidase 

It was thought possible that by poisoning the onda3e component com- 
pletely and replacing it by a sufficient amount of a suitable dye the normal 
activity of the enzyme system might be restored Such a system would 
afford an opportunity for the study of the succmo-dehydrogenase without 
the cytochrome-cytochrome oxidase component. 

It was found experimentally that the addition of 1 0 X 10~* M cyanide to 
0 5 ml enzyme would stop the oxidation of succinate almost completely 
(for such a syBtem the Oi consumption is 2-3 c mm for the first 15 min- 
utes) Stotx and Hastings (1937) found cresyl blue to be the most effi 
aent dye in replacing the oxidase component 5 0 X 10~* u of this dye 
added to the completely poisoned system restores the oxygen consumption 
to normal in the presence of an atmosphere of oxygen (Fig 5) Addition of 
this concentration of cresyl blue to the normal reaction mixture causes 
no inhibition Varying the concentration of the succinate within large 
limits does not change the initial velocity of this reaction (Table I) If, 
however, air is used instead of pure oxygen, the velocity is reduced about 
20 per cent 

Fig 6 shows a senes of oxygen consumption curves for this reaction at 
vanous temperatures An Arrhenius equation plot of these data yields 
a fi value of 18,500 (Fig 7, curve I) Lowenng the concentration of the 
enzyme from 0 5 to 0 05 ml , while slowing the reaction, does not change the 
n value (Fig 7, curve II), thus indicating that the dehydrogenase-catalyzed 
step is pacemaker and that its cntscal increment of 18,500 calones is differ- 
ent in this reaction than that of 11,200 obtained when the chain is that 
of the “normal” extracted system (Hadidian and Hoagland, 1939-40) 
Lowenng the concentration of the cresyl blue from 5 0 X 10~* to 5 0 
X 10-' ii changes the ji value to 22,000 calones (Fig 8, curve I) Further 
lowenng of the cresyl blue concentration (by one half) causes no further 
significant change in the a value (Fig 8, curve H) We thus see that the 

* By Itself this difference In fj would not constitute evidence tor another step since it 
might result trom modification of the dehydrogenase by the pyrophosphate. However 
taken in conjunction with Stotx and Hastings evidence that pyrophosphate does not 
poison the dehydrogenase, and our data shown in Fig 3, the postulation of an additional 
step seems necessary 
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activation energy of this particular dye-catalyzed step is 22,000 calories 
and that it is made pacemaker by lowering the dye concentration 



Fig 5 Oxygen consumption curves for the normal and the dye-substituted reactions, 
o = normal 6 0Xl 0~ 6 m succinate, 0 5 ml enzyme A •= dye-substituted 5 0 X 
10 -6 m cresyl blue, 1 0 X 10 -6 m cyanide, 6 0 X 10 -B m succinate, 0 5 ml enzyme. 

TABLE I 


Temperature 37°C pH 7 4 0 5 mL enzyme 

Initial velocity taken at 2-5 mm after beginning of reaction 


Concentration of succinate 
n X lG“6/3 cc 

Initial velocity 


c. mm Oi/min 

15 

19 6 

12 

20 0 

10 

20 6 

8 

20 6 

6 

20 3 

4 

21 0 

2 

20 3 

1 

17 6 


Doubly Washed Enzyme 

Stotz and Hastings (1937) have reported that by doubling the number 
of washings a preparation is obtained which, in spite of high oxidase and 
dehydrogenase activity, showed a lowering of the rate of oxidation of 
succinate Such a preparation we found showed a 40 per cent decrease in 
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the rate of succinate oxidation with the enzyme preparation as obtained 
after 16 washings (instead of the normal 8), 41 per cent inhibition m the 
rate of the reaction with 5 0 X 10 -6 H cresyl blue substituted for the oxidase 
component (measure of dehydrogenase activity), and 7 per cent decrease 
in the rate of oxidation of ^-phenylenediamine (measure of cytochrome 
c-cytochrome oxidase activity) Decrease m the activity of the enzyme 
is shown to parallel the decrease in the activity of the dehydrogenase com- 
ponent The use of this extract might thus yield a y value characteristic 



Fig 8 Arrhenius equation plots of experiments using low concentrations of cresyl 
blue I 6 0 X 10~ 5 m succinate, 1 0 X 10“® M cyanide, 0 5 ml enzyme, 5 0 X 10 -7 M 
cresyl blue y = 22,000 II 6 0 X 10 - ® ii succinate, 1 0 X 10"® M cyanide, 0 5 ml 
enzyme, 2 5 X 10~ 7 u cresyl blue y = 22,300 

of succmo-dehydrogenase, since more of the dehydrogenase activity is 
removed by the excessive washing than of the oxidase activity and this 
should make it the slow step or chemical pacemaker 

The two y values we have found associated with succmo-dehydrogenase 
are 11,200 calories (Hadidian and Hoagland, 1939-40) when it acts in a 
sequence with cytochrome c-cytochrome oxidase, and 18,500 calories when 
the dehydrogenase reacts in a sequence in which cresyl blue has been sub- 
stituted for the cytochrome oxidase after the latter has been mactivated by 
c} amde We should thus expect a y of 11,200 to occur with the doubly 
washed extract and one of 18,500 calories when the doubly washed en- 
zyme is used with cresyl blue substituted for the oxidase 
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Experiments involving the doubly washed enzyme without cyanide and 
without cresyl blue yield a p of 11,300 calories, as was expected (Fig 9, 
curve n) However, experiments m which the doubly washed enzyme 13 
used with cresyl blue after complete cyanide inhibition of its oxidase also 
yield 11,300 calories (Fig 9, curve I) and not 18,500 In the first senes 
of experiments the oxygen consumption at a given temperature is approxi 
mately lmear with time for a considerable penod (over 60 minutes at 
25' , C ) In the second senes with cyanide and cresyl blue the curves fall 
off after about 10 minutes and the rates were calculated from only the first 
three points at each of the temperatures where the curves of oxygen con 



Fio 9 Arrhenius equation plots of experiments with doubly washed enzyme I 
5 X 10 -8 u cre»>l bine lubstituted for the oxidase component. p - 11,300 calones 
II Unpofsoned enzyme, p — 11,300 calories 

sumption and time are linear The value of 11,300 calones in this second 
case (Fig 9, curve I) may be a coincidence Certainly the data are by no 
means as reliable as those involved in our other p plots where the reactions 
are of zero order over many observations. 

Why removal of dehydrogenase activity by washing should yield a 
different p from that obtained by reducing the concentration of the enzyme, 
when in both cases the cytochrome oxidase is completely blocked by 
cyanide and cresyl blue is substituted in its place, we do not know If wc 
assume that the data of curve I are reliable, in some unknown way the 
double washing produces a system m which the p value for the dehydro- 
genase reacting with cresyl blue is the same as that encountered for the 
system reacting with active cytochrome-cytochrome oxidase 
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DISCUSSION 

In a previous paper (Hadidian and Hoagland, 1939-40) it was concluded 
that 11,200 calories was the energy of activation associated with succmo- 
dehydrogenase activity and 16,000 calories, the energy of activation asso- 
ciated with the cytochrome-cytochrome oxidase activity In the present 
study of the two components under different conditions neither of these 
two values was obtained (except m the case of the doubly washed enzyme) 
Therefore it is quite evident that these values cannot be associated with 



Fig 10 Effect of varying concentrations of enzyme on the velocity of reaction with 
dye substituted for the oxidase component 6 0 X 10 -B M succinate and 5 0 X 10"° M 
crcsyl blue The concentration of cyanide to poison the oxidase is varied with that of 
the enzyme to give total inhibition Velocity in c mm 02 /sec 

these enzymes under all circumstances, but that they characterize the 
particular step involving them in the reaction as a whole 

The fact that varying the concentration of ^-phenylenediamine by a 
factor of 10 does not change the energy of activation indicates that the 
reduction of cytochrome by ^-phenylenediamine cannot be the limiting 
factor in the reaction This is in agreement with the findings of Slotz 
cl al (1938) that />-phenylenediamme reduces cytochrome c rapidly 
In the dye-substituted reactions with high concentration of crcsyl blue 
there appears a situation in which the dehydrogenase concentration is the 
limiting factor The evidence for this is furnished by the following 
(1) the fx value (18,500) does not change with decreasing concentrations of 
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the enzyme, (2) the velocity of the reaction is a linear function of enzyme 
concentrations up to 0 5 ml of enzyme (Fig 10) With low concentration 
of the cresyl blue the velocity of the reaction is a linear function of the 
concentration of the dye The ji value m this case changes to 22,000 
calories 

Since pyrophosphate does not inhibit the dye substituted reaction (Stotz 
and Hastings, 1937) nor the oxidation of ^-phenylenediamme (Fig 4), 
it must act on something besides succmo-dehydrogenase or cytochrome c 
cytochrome oxidase Exactly where it acts to furnish a ji of 17,500 we do 
not know It may possibly be on cytochrome b or a or on some other 
possible earner in the sequential chain of reactions 

SUHMAB.Y 

1 In a previous paper it was found that 11,200 calones is obtained for 
the energy of activation in the oxidation of succinate to fumarate in the 
presence of crude beef heart extract when succino-dehydrogenase was made 
the limiting factor 16,000 calones was obtained with this preparation 
when cytochrome-cytochrome oxidase was made the limiting factor In 
the present paper activation energies of the components of this enzyme sys 
tem are further studied 

2 Oxidation of />-phenylenediamine catalyzed by the extract and known 
not to involve the dehydrogenase component yields Arrhenius equation 
plots indicating a pacemaker reaction with a II of 9,500 calones 

3 An activation energy of 17,500 calones is obtained for the oxidation of 
succinate to fumarate in the presence of the beef heart extract partially 
poisoned by pyrophosphate Evidence is presented that this value corre 
sponds to a link in the respiratory chain other than that of succmo-dehydro- 
genase or cytochrome c cytochrome oxidase 

4 Addition of a suitable amount of cresyl blue to a beef heart extract 
reaction mixture, completely inhibited by cyanide, restores the oxidation 
of succinate to normal in the presence of pure oxygen In this system, in 
which the dye is substituted for the oxidase, when the enzyme extract 
(dehydrogenase) is made the limiting factor, a p of 18,500 calones is ob- 
tained, when cresyl blue is made the limiting factor, the p value is 22,000 
calones 

5 Results of these expenments indicate that energies of activation are 
associated not with the enzyme as such, but with the particular reaction 
steps involving them as catalysts. 
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PERMEABILITY OF ERYTHROCYTES TO RADIOACTIVE 
POTASSIUM 


By R. B DEAN, T R. NOONAN L. HAEGE, mW O FENN 
(From Ike Deportment of PhyMofy, UmtersUy of Rochester School of Medicine and 
Dentistry, Rochester, New York ) 

(Recaved for publication July 24 1940) 

It appears to be well established that the red cells are impermeable to 
cations, but there have nevertheless been some experiments which have 
demonstrated slow changes m the potassium content The availability of 
radioactive isotopes makes possible a re-examination of this question, and 
some reports based upon this method have already been published 

Cohn and Cohn (1939) showed that radioactive sodium exchanged with 
sodium in dog erythrocytes in vm> so that half the sodium had exchanged 
in 12 hours They found that the sodium exchanged as if there were a 
simple diffusion, taking into account the difference in concentration of 
sodium between dog cells and plasma. In this laboratory Manery and 
Bale (1940) have also found evidence of penetration of Bodium into dog 
cells in vitro, but their results with rats and rabbits in vivo were inconclusive 
on account of the small amounts of sodium normally present in the cells 
of these animals 

On the other hand, Hahn, Hevesey, and Rebbe (1939 a and b) using the 
radioactive potassium isotope found that only about 3 per cent of the 
potassium in red cells of the frog or rabbit exchanged with the plasma 
Joseph, Cohn, and Greenberg (1938 and 1939) working with the rat meas- 
ured activities m whole blood only, but them data are consistent with a fall 
in plasma radioactivity followed by a nse m corpuscular activity Even 
so they find quite low penetration of radioactive potassium into the red 
cells Eisenmann, Ott, Smith, and Winkler (1940) working with human 
red cells reported no exchange of potassium or sodium In view of the 
extremely low sodium content of human cells, it is doubtful whether pene- 
tration of sodium could be measured by a radioactive method in this 
material 

A preliminary abstract of our experiments with radioactive potassium 
and red celb has already been published (Noonan, Fenn, and Hacge, lpiO) 
In this paper they are presented in greater detail 
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Methods 

Radioactive potassium chloride was prepared by bombarding 100-200 mg of pure 
crystals of KC1 with a neutron beam of 4 5 m e v for 3 to 4 hours The crystals were 
then dissolved m a little water, and the potassium was precipitated as KC10< by the 
addition of a saturated solution of NHjClO^ Powdered Mn02 was added and the 
mixture was filtered in a porous crucible The precipitate was washed with alcohol 
followed by ether and dried The crucible was then ignited either m a muffle furnace 
at 500°C overnight or m a quartz crucible over a Bunsen burner for 1 hour which was 
found to be sufficient time to reduce the KC10< to KC1 The crucible was then cooled 
and weighed The KC1 was dissolved out in a little hot water, transferred to a volu- 
metric flask, and made up to 10 ml The crucible was dried and weighed again and the 
quantity of KC1 m solution was calculated from the loss in weight This procedure 
insured that radioactive sodium which might have contaminated the potassium as 
well as any activated chlorine was eliminated There was also sufficient time for 
radioactive chlorine to disintegrate before the potassium was counted The original 
potassium solution was diluted 1/500 for countmg and was counted at least every 4 
hours while counting of the experimental samples was in progress Background counts 
were taken with the same frequency 

In the in nvo experiments a portion of the KC1 solution (which was approximately 
isotonic) was injected directly into the animal, mtrapentoneally or subcutaneously 
without anesthesia Blood from the rabbit was taken from the ear vein into a beaker 
containing a dry mixture of sodium and ammonium oxalate It was centrifuged at 
once The plasma was drawn off and measured m a graduated centrifuge tube The 
cells were washed once with saline (0 85 per cent NaCl) and centrifuged in a graduated 
centrifuge tube The volume of cells was recorded and the sahne removed Nitric 
acid and a drop of capryhc alcohol were then added to the tubes, which were placed in 
a steam bath until the solution was a clear yellow The tubes were cooled, the volume 
of digest recorded, and a 3 ml aliquot was placed in the cup of a Geiger-Mtlller counter 
(Bale, Haven, and LeFevxe, 1939) for counting Afterwards aliquots of the digest 
were taken for potassium analysis by the method of Shohl and Bennet as modified by 
Wilde (1939) 

Blood for m vitro experiments was obtained from rats and rabbits by cutting the 
throat and m humans by venous puncture Either hepann or oxalate was used as an 
anticoagulant The cells were washed twice in unbuffered mammahan Ringer that was 
0 005 molar in potassium (0 037 per cent KC1) For rat and human cells it contained 

0 8 per cent NaCl, 0 008 per cent MgClj, and 0 016 per cent CaCfe, and for rabbit cells 

1 0 per cent NaCl, 0 01 per cent MgCl 2 , and 0 02 per cent CaCl 2 The cells were sus- 
pended in Ringer containing radioactive potassium or ordinary potassium depending 
upon the experiment so that 20 cc of the mixture contained about 1 cc of cells The 
suspension was agitated in a water bath at 37 5°C and was also aerated by a stream 
of air Aliquots were taken at suitable intervals which were measured to the time of 
starting the centrifuge The supernatant Ringer was sucked off and counted after a 
tenfold dilution with water The cells were washed once with Ringer and treated just 
as the cells from the in vivo experiments Because of the errors introduced into potas- 
sium analyses by large quantities of sodium Ringer was not analyzed for potassium, 
but the change in the K content was calculated from the change in cell potassium 
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In some experiments the change m radioactivity of the Ringer was similarly 
calculated. 

The counts of the standard radioactive potassium solution were plotted on semi 
logarithmic paper, and activities at tunes corresponding to sample counts were inter 
polated from straight lines connecting the plotted points. Ordinarily the semiloganth 
mic graph had the theoretical slope for a half life of 12.5 hours. Any deviation from 
this slope indicated a change m the efficiency of the counter which was thus automatically 
corrected for by this procedure All counts were expressed as a fraction of the standard 
at the time of counting By dividing this fraction by the ratio of the potassium con 
centra tion in the nitric acid digest to that in the standard, solution counts were reduced 
to a molar basis (i c number of counts per unit of potassium) which expresses the 
fraction of the active potassium present in the potassium of the sample. 

This figure is referred to as the * activity” of the sample or the relative number of 
counts per mol of potassium on the basis of 1000 for the number of counts In the standard 
solution per mol of po tassi um 

RESULTS 

The penetration of radioactive potassium into human cells suspended in 
Ringer at 37 5°C is shown m Table I and Fig 1 as measured in two expen 
ments A and B The data for cells were fitted empirically by a curve of 
the type, * «= mt n + c, and the slope of this curve at each point calculated 
as mnt The accuracy of each point does not exceed 5 per cent, and 
this method was considered adequate to give the slope to the possible limits 
of accuracy The diffusion coefficient 1 is calculated as the quotient of this 
slope divided by the difference m relative activity of cells and Ringer 
The diffusion coefficients average 0 JO X 10 - * and 0.24 X 10"* in two cases 
The differences are probably not significant 

The penetration of radioactive potassium into the red blood cells of a 
rabbit tn woo is Bhown in Table II and Fig 2 The diffusion coefficient has 
been calculated m the same way as for the human cells, and it is observed 
to be larger immediately after injection This might be correlated with the 
high potassium concentration m the plasma at this time 

Radioactive potassium was put mto rabbit erythrocytes by suspending 
them in Ringer containing active potassium for 10 hours at room tempera- 
ture (23°C ) A portion of the same cells received identical treatment 
except that the Ringer contained nonradioactive potass i u m Both lots of 
cells were centrifuged and washed once with plasma The inactive cells 
were suspended in radioactive Ringer and the active cells in inactive 
Ringer Both lots were ahquoted in 20 ml portions into 50 ml Erlen 

1 This 1 b not strictly a diffusion coefficient In the usual sense, for it has the dimen- 
sions of minutes' 1 and its value depends upon the area and thickness of the diffusing 
surface as well as the actual speed of penetration. v •** 
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HUMAN CELLS IN VITRO 



Fig 1 a and 1 b Two experiments on human red cells suspended in Ringer’s solu- 
tion with radioactive potassium ( a ) cells of R B D (b) cells of L F H Ordinates, relative 
activity X 10 -2 Abscissae, minutes from tune of suspension of the cells in the solu- 
tion Curves for cells follow the empirical equations given in Table I 


A 


TABLE I 

Human Erythrocytes — in Ringer 


Time 

Hemato- 

crit 

K concentration 

Relative activity 

Empirical 
curve cell 
BCtivlty 

Slope cell 
activity 

Diffusion 

gradient 

Diffusion 

coefficient 

x ur* 

Ringer 

Cells 

Ringer 

Cells 

min 

per cent 









0 

5 0 

5 00 

(77 8) 

(1000) 

0 



1000 



4 9 

5 00 

77 8 

mm 

25 


0 211 

950 

0 222 

KB 

4 85 

5 23 

76 6 

mm 

43 


0 170 

799 

0 213 

300 

4 6 

5 35 

75 5 

880 

59 

65 

0 150 

821 

0 183 

445 

4 85 

5 30 

74 4 

850 

81 

86 

0 133 

769 

Ufa 

640 

4 45 

5 70 

70 4 

. 

730 

106 

110 

0 121 

: 

624 

m 


Average diffusion coefficient = 0 197 X 10"* mm 1 
Empirical curve for cell activity x = 1 32t° 7 — 5 1 


B 


0 

60 

5 0 

5 0 

5 00 

5 00 

(84 6) 
84 6 

(1000) 

1000 

0 

19 

23 

0 274 

1000 

981 

0 280 

120 

4 95 

5 07 

84 0 

900 

33 

31 

0 240 

867 

0 277 

210 

4 85 

5 13 

83 0 

900 

44 

44 

0 213 

856 

0 249 

300 

5 0 

5 13 

82 0 

896 

58 

59 

0 199 

838 

0 239 

420 

4 9 

5 30 

81 0 

863 

75 

76 

0 186 

788 

0 236 

610 

5 0 

5 55 

74 1 

817 

101 

99 

0 172 

716 

0 241 


Aserage diffusion coefficient = 0 254 X 10" J nun ~ x 
Empirical curve for cell activity * ■= 0 778P 8 + 3 5 
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meyer flasks which were agitated at 37 5° A.t suitable intervals pairs of 
flasks were removed and the cell suspensions treated exactly as in the 



Fio 2 Relative activity X 10”* of the potassium (ordinates) in the plasma and 
blood cells of rabbits drawn at various times (abscissae) after Injection of radioactive 
potassium. Figures In Table IL The curve for the cell* ia drawn to follow the em- 
pirical equation given m Table II, 


table n 


Rabbit Erythrocytes in Vivo 


Ttac 

Hemato- 

crit 

K concentration 

Relailro activity 

Empirical 

Slope c*U 
octmty 

DUTvJon 

gradient 

Dtfaaioo 

PlUDU 

c«n< 

Plasma 

Colls 

•ctMty 

x vr* 

10 

uni 

45 0 

6 50 

85 6 

1000 

18 

20 

1 010 

982 

0 970 

30 

40 7 

6 13 

92 6 

846 

32 

34 

0 578 

814 

0 710 

60 

40 4 

6 34 

94 8 

705 

50 

48 

0 412 

655 

0 630 

180 

37 7 

5 60 

81 2 

480 

91 

85 

0 236 

389 

0 607 

360 

34 0 

4 94 

91 4 

422 

124 

120 

0 170 

298 

0 571 

1440 

31 6 

4 59 

93 2 

403 

236 

240 

0 084 

167 

0 503 


Avenge diffusion coefficient ■- 0 665 X 10" 1 min.”* 
Empirical curve for cell activity * — 632A* 


other experiments Table III and Fig 3 show the penetration into and out 
of the cells In this case the slopes were estimated graphically They are 
less reliable because of the few points which are rather err- 
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be due m part to excessive hemolysis There seems to be a difference 
between the diffusion constants m the two cases At present we see no 

RABBIT CELLS 



Fig 3 Rabbit cells in vitro In (a) radioactive K is in the Ringer’s solution diffusing 
into the cells, in ( b ) it is in the cells diffusing out into the solution Ordinates, relative 
activity of the potassium X 10 -2 , abscissae time from beginning of diffusion All 
curves drawn through experimental points as given in Table III. 


TABLE m 

Rabbit Erythrocytes m Ringer 

A Difusion in 


Time 

Henratocnt 

K concentration 

Relative activity 

Slope cell 

Diffusion 

gradient 

Diffusion 

coefficient 



Ponger 

Cells 

Ponger 

Cells 

activity 

x ur* 

mm 

0 

Per cent 

3 0 

5 00 

80 4 

1000 

0 

0 30 

1000 

m 

115 

3 1 

5 11 

73 0 

956 

38 

0 46 

918 

■ ■ 1 

295 

3 2 

5 20 

67 7 

922 

80 

0 19 

742 


535 

2 2 

6 42 

45 0 

756 

119 

0 15 

635 

mm 


Average diffusion coefficient = 0 32 X 10" J min ' 1 


B Dijjuswn out 


0 

3 0 

5 00 

80 4 

0 

1 1000 

0 59 

1000 

0 59 

115 

3 0 

5 11 

73 0 

84 

931 

0 36 

847 

0 42 

295 

3 2 

5 21 

67 5 

167 

895 

0 24 

728 

0 33 

535 

2 6 

5 98 

55 3 

315 

839 

0 20 

524 

0 38 


Average diffusion coefficient «= 0 40 X 10 - ’ min. 1 


justification for considering this difference as significant m view of the 
inaccuracy of the measurements The coefficient, however, is probably 
significantly lower than for the rabbit erythrocytes m vivo, but of course 























Fio 4 a Results of injections of radioactive potassium into 14 rats. Ordinates, 
relative activity X 10"* of the potassium In plasma and cells where the activity of 
the injected dose in per cent of the body weight is 1000 Bata of Table IV 

Fio. 45 Cell activity in per cent of plasma activity or per cent penetration of 
radioactive K into cells of rata (ordinates) at different times (abscissae) after injection. 
Calculated from data of Table IV 


TABLE IV 

Rat Erythrocytes m Vvw 



Empirical curve for celli * »* 11 9/*-* 
359 
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the cells m vitro were in poor condition Penetration of radioactive potas- 
sium at 23°C during the loadmg process took place at a mean rate of 0 1 
counts/mol per minute with a gradient of 1000 counts/mol so that the coef- 
ficient of diffusion is of the order of 0 1 X 10~ 3 This value is 0 27 times the 
mean rate at 37 5°C which corresponds to a Q w of about 2 4 

In the course of other experiments a number of rats were injected with 
radioactive potassium mtraperitoneally or subcutaneously Each animal 
received 1-3 cc of 0 1 or 0 2 M KC1, a large dose The animals were 
sacrificed after various intervals, blood was collected, and the tissues were 
analyzed for radioactivity and potassium The results of these analyses 
will be reported elsewhere 2 After centrifuging the blood, plasma was 
removed as completely as possible and the cells were dissolved m nitric acid 
without washmg A known volume of plasma was similarly digested in 
nitric acid, counted, and analyzed for K There is unfortunately a very 
large variability in the results as shown m Table IV and Fig 4, probably 
due to variations m the experimental procedure and to variations in the 
ability of the different animals to dispose of the large dose of potassium m 
the various tissues of the body Nevertheless, if we discard the points at 
6 and 6 5 hours, it is possible to make a fair approximation to the data as 
shown m the curves of Fig 4 a Then taking the slope of the cell curve by 
differentiation as before, we have calculated the diffusion coefficient for 
different points This value shows very little variation except at 18 hours, 
and if at this time the actual gradient experimentally observed between 
cells and plasma is used for calculation instead of the difference between 
the empirical curves, even this pomt falls more nearly m line It is signifi- 
cant, we believe, that the diffusion coefficient is higher in rat than in 
rabbit or human erythrocytes 

Although these data show great irregularity when plotted as m Fig 4 a 
they are somewhat more regular if the per cent penetration {i e cell activity 
X 100 — plasma activity) is plotted against time as m Fig 4 b In about 
30 hours the exchange may be expected to be complete The interpretation 
of this curve, however, is somewhat difficult because of the widely varying 
gradient which was exceedingly high immediately after the injection and 
because an apparent increase in penetration can be caused by decreased 
plasma activity due to exchange with other body tissues The data of 
Table IV were obtained from experiments on fourteen different rats and 
they afford therefore most convincing evidence of the cation permeability 
of rat cells under normal physiological conditions m the body 

Radioactive potassium was loaded into rat cells by injecting active KC1 
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Into the rat 5 hours before taking the blood Table V and Fig 5 show how 
the active potassium left the red cells when they were suspended in Ringer 
There was considerable hemolysis which accounts for the high activity in 
the Ringer In this case the points are too erratic to justify fitting an em 

RELATIVE 



Fio 5 The diffusion of radioactive potassium from rat red cells into the Ringer’s 
solution in which they are suspended The graph for the solution follows the empirical 
formula while the graph for the cells is the calculated theoretical curve (see text) Or 
d bates relative activity X 10“*, abscissae, time from the beginning of diffusion 


TABLE V 


Rat Erythrocytes in Ringer 


Time | 
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pineal curve However, if we assume a linear rise m the Ringer activity 
R ** 1^53 /, and a diffusion coefficient of 10"* the value obtained in the 
in vivo experiment, we can calculate the fall m activity of the cells * 


* Assuming the law of diffusion 




and a linear relation for the Ringer activity R — R t + at on solving the differential 
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The upper graph in Fig. 5 is the curve calculated in this way, and it 
appears to be a reasonable approximation to the experimental points 
There seems to be no justification m this data for assuming a different 
diffusion coefficient for in vitro than for m vivo exchange m rat erythrocytes 


DISCUSSION 


If a cell is permeable to a given ion K and does not change its content 
of that ion over a penod of time, we can say that the numbers of K ions 
crossing its membrane in each direction in unit time are equal Now let 
the fractions x , and x 0 represent the ratios of radioactive to normal K ions 
inside and out and let p equal the number of K ions crossing in each direc- 
tion per minute Then the number of active ions crossing per minute in 
the two directions is x t p and x 0 p 

The change in the number of active ions inside after unit time is x 0 p — x t p 
or p(x„ — xi) The rate of change in the ratio of active to total K ions (K<) 


is accordingly — (a 0 — x,) 
K, 


We can let ~ = b, since K, must be a constant 

K, 


for a given cell that is not gaining or losing ions, and in differential form we 
write dx = b(x 0 — a,) dt This is identical with the ordinary diffusion 
equation if we take the relative concentration of radioactive ions to total 
ions of the kind under consideration b equals the fraction of ions leaving 
the cell per minute and is equal to the diffusion coefficient for K ions leaving 
the cell The experiments reported here show that the radioactive potas- 
sium ions behave as if the membrane were allowing a constant fraction of the 
potassium inside to cross in each direction per minute These results are 
all based on the assumption that the potassium remains in the cells and 
therefore in so far as they fit diffusion curves they give no evidence of 
changes in the concentration of potassium due to leakage Some of the 
deviations of the diffusion coefficient from a constant value may well repre- 
sent net movements of potassium For example, a movement of KC1 
into the cells increasing their potassium content when the plasma potas- 
sium is high would account for the apparently higher rate of uptake of the 
rabbit cells in vivo soon after injection 


equation wc get 




—bl a 

e 4- Re + ai — - 
b 


where x and R are the activities per mol of potassium for the cells and Ringer rcspcc- 
ti\ cly x o and R 0 arc their activiUcs at time 0 / is the time, a the slope of the Ringer 

actiMtj, and b the coefficient of diffusion 
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I£ the activity of the cell potassium is expressed as a percentage of the 
\ activity of the plasma potassium the result also indicates the percentage of 
the cell potassium which has exchanged with the plasma potassium Thus 
in Table I it is seen that after 10 hours »» vitro 12 4-14 5 per cent of the 
potassium of human cells has exchanged with the plasma potassium For 
rabbit cells the exchange is 29 per cent complete after 6 hours tn vtvo (Table 
II) and 59 per cent complete after 7 9 hours in vitro (Table HI) Possibly 
human cells also would show better exchange tti mro The exchange in rat 
cells tn vivo (Table IV) is 55 per cent complete in 10 hours and 79 per cent 
complete in 18 hours The comparative constancy of the diffusion con 
stant indicates that in human cells the exchange would be complete if 
sufficient time were allowed There is no evidence as yet that the exchange 
is limited to a certain fraction of the cell K and that this diffusible fraction 
is larger in rats than in men It appears instead that the rat cells are more 
permeable than human cells The calculated diffusion constants represent 
a better measure of this permeability than the percentage exchange in 
unit time because in the latter no account is taken of the varying diffusion 
gradients 

It should be mentioned that sodium can cause serious contamination in 
radioactive potassium K" accounts for less than 7 per cent of the element, 
and yet it is the only isotope which can be activated to K" All the sodium 
atoms can be activated somewhat more easdy than the K." isotope Since 
radioactive sodium and potassium have very similar half lives, it is easy to 
see how a small percentage impurity of sodium would cause serious trouble 
Metalbc potassium which has been used by most other workers as a source 
of radioactive potassium is notoriously the most difficult form of the 
element to purify It may be suggested as a possibility that the low pene- 
tration observed by Hahn, Hevesy, and Rebbe (1939 b) was due to sodium 
contamination The large ratio of plasma to cell sodium would make the 
counts in plasma very high compared to those m cells and give a very low 
calculated penetration 

Eisenmann, Ott, Smith, and Winkler (1940)* concluded from their meas- 
urements with radioactive potassium that there was no free penetration of 
potassium into human red cells. Actually there is no experimental conflict 
with our data Their figures show an average of 4 4 per cent (maximum 
8 per cent) penetration in 4 hours whereas our figures show 15 per cent 
penetration in 10 hours There are some important differences of tech- 

* The full report of this work appeared after this manuscript had beeo u 

for publication This paragraph was added later by permission of t. 
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mque Their cells were left in plasma while ours were immersed in Ringer’s 
solution On the other hand, they added dry potassium to plasma and 
in such large amounts (up to 60 mEq per liter of whole blood) that the 
solution was quite hypertonic Both of these factors would probably 
decrease the permeability in their experiments In our experiments the 
solution was, if anything, slightly hypotonic which may account for the 
slight hemolysis observed Such hemolysis introduced no error into the 
measurement of the penetration into the cells which remained intact, but 
the permeability of those cells may have been abnormally high 

The actual penetration of potassium into human cells was not large m 
our experiments (only 15 per cent) The shape of the curve indicates, how- 
ever, no great diminution m rate of penetration even after 10 hours The 
behef that all the potassium is eventually exchangeable has, therefore, some 
justification 

It may be supposed that the permeability of the cells may have been 
modified by the radioactivity of the solutions According to the results of 
Mullins (1939) with Nitella, the effect if any would be a decrease of per- 
meability We do not have as yet observations at a sufficient variety of 
radiation intensities to permit an experimental answer to this question 
The actual radioactivity of the solutions m our in vitro experiments esti- 
mated in terms of the count given by a saturated solution of potassium ace- 
tate was about 7 microcunes per liter This would seem to be low enough 
so that no isotope effect would be anticipated 

In rats at least there seems to be no escape from the conclusion that the 
red cells are normally more or less permeable to potassium Possibly, 
however, rat cells are impermeable to sodium Otherwise it would be 
difficult to understand why potassium does not normally exchange for 
sodium 


SUMMARY 

The diffusion coefficients for the exchange of potassium across the mem- 
brane of erythrocytes of humans, rats, and rabbits have been determined 
by the use of artificially radioactive potassium, both into and out of the 
erythrocytes both in vitro and in vivo 
The diffusion coefficients found m minutes -1 were 0 2 to 0 25 X 10 -3 
for human, 0 32 to 0 665 X 10~ 3 for rabbits, and 1 0 X 10~ 3 for rat eiytbro- 
cytes Rabbit erythrocytes appear to be more permeable in vivo 

Reasons are advanced to explain the failure of earlier workers to demon- 
strate appreciable exchange of potassium in erythrocytes 
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The radioactive potassium was kindly supplied to us by Dr L A 
DuBndgeandDr S N Van Voorhis of the Department of Physics, operat 
mg under a grant from The Rockefeller Foundation We are also indebted 
to Dr W F Bale of the Department of Radiology for supervising the 
operation of the Geiger MtlHer counter 
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The most widely distributed respiratory pigments in the animal kingdom 
are the iron-containing hemoglobins and the copper-containing hemo- 
cyanins The hemocyamns occur only in invertebrates and all have high 
molecular weights (350,000 to 5,000,000) The hemoglobins, on the other 
hand, are universally distributed throughout the animal kingdom Verte- 
brate hemoglobins, as a rule, have a molecular weight of 68,000 whereas 
invertebrate hemoglobins (erythrocruonns m Svedberg’s nomenclature) 
vary in their molecular weights from about 34,000 to several millions 

In the present work three erythrocruonns occurring in worms have been 
studied from a chemical and physical chemical point of view, in order to 
compare their properties with those of vertebrate hemoglobin Two very 
different types of erythrocruonn were studied, wi the macromolecular 
pigments of the common earth worm (Luminous tenestns) and of the sand 
worm ( Nereis rnrens) and the low molecular respiratory protein of the so 
called blood worm ( Glycera dibranchata Ehlers) 1 In accordance with 
the experience of Svedberg (1) the former are freely dissolved in the plasma 
whereas the latter is locked up m blood corpuscles which are suspended in 
the body fluid 

Luminous erythrocruonn was isolated by repeated salting out or by 
repeated ultracentnfugation (67,000 X gravity) of purified worm extracts 
Beams’ air-dnven concentrating ultracentnfuge (2) proved to be a suitable 
tool for the sedimentation and purification of this high molecular pigment 
Furthermore the absorption spectra of the three pigments and of some of 
their denvatives have been studied as well as some of their chemical 
properties 

The relatively large amount of blood pigment present In Glycera dibran 
chiata Ehlers has made it possible to isolate sufficient quantities of pure 

1 Professor A Petrunkevntsch of the Osborn Zoological Laboratory was kind enoufb 
to Identify the epedes. 
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crystalline hemm to permit a determination of the configuration of the 
porphyrin, m order to decide whether the blood heme grouping present m 
worms is identical with that of vertebrates 

Finally, the dissociation rate of Lumbncus and Glycera oxyerythrocruonn 
was compared with that of human oxyhemoglobin in the reaction meter of 
DuBois (3), in order to determine the rate of dissociation of oxyhemoglobins 
of large and small molecular size 

EXPERIMENTAL 

1 Erythrocruonn of Lumbncus terrestns 

Preparation — 200 earth worms (about 500 gm ) were put through a meat mincer 
and the juice was separated from the fragments by placing the latter on cheese cloth 
and applying shght pressure The minced worms were reextracted twice with 0 9 per 
cent NaCl solution The brownish red extract thus obtained was centrifuged and the 
supernatant fluid decanted from the gray precipitate of cell debns The dark red, turbid 
solution contaming the pigment was mixed with Filter-Cel and filtered through a Buch- 
ner filter A bright red opalescent solution was obtained which was used for most of the 
qualitative experiments The preparation of the erythrocruonn extract was earned 
out in a cold room This solution is stable for several days, if kept in the refrigerator 
Further spinning in the conical head of a laboratory centrifuge at about 3000 rpm 
failed to produce a precipitate 

From this solution the pigment may be separated by ultracentrifugation or by salting 
out with ammonium sulfate The salt was added in small portions to the solution con- 
taining the pigment until a grey precipitate was formed The precipitate was removed 
by centrifugation and the procedure repeated, until finally the chromoprotein itself was 
precipitated The pigment was washed several times with ice cold water 

Chemical Properties ■ — Lumbncus erythrocruonn is soluble in water 
After standing about a week in the ice box at pH 7 in phosphate buffer the 
erythrocruonn solution turns brown and the femerythrocruorin band 
appears at 645 mjt After the addition of sodium hydrosulfite (INJa^SjCh) 
the fernband disappears If the solution is then saturated with oxygen, 
strong oxyerythrocruonn bands reappear and the brown color of the solu- 
tion turns dark red All spectroscopic observations were made with a 
Zeiss pocket spectroscope equipped with a wave length scale The spectra 
to be compared were examined simultaneously with the aid of the compari- 
son pnsm 

The absorption spectra of oxyerythrocruonn ( Lumbncus ) and human 
oxyhemoglobin appear to be identical In accordance with some observa- 
tions of Anson ct al (4) we found the ferncompound of Lumbncus ery- 
throcruonn different from human femhemoglobin insofar as the band m 
the red is not at 640 m;z, but at 645 mji (50 Angstrom umts farther towards 
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the long wave region) At pH 5 it can be shifted by the addition of sodium 
fluoride to the same position as femhemoglobm of man, namely to 610 mp 
As contrasted to vertebrate femhemoglobm however, the band is not in- 
tensified and sharpened by this procedure, but remains blurred 
The oxidation of a purified solution of oxyerythrocruonn by dyes of 
various oxidation reduction potentials was studied Because many of these 
dyes absorb light in the same region as femhemoglobm, it is difficult or 
sometimes even impossible to see the femhemoglobm band, if formed, with 
the technique described In general one may Bay qualitatively that the 
pigment is oxidised by the same reagents as hemoglobin, for instance 
gallocyanin and 2,6 dibromophenol indophenol produce femhemoglobm 
as well as femerythrocruonn m phosphate buffer at pH 7 5 It may be 
mentioned here that the oxy bands of Lumbrtcus erythrocruonn persist 
partially even when an excess of potassium femcyamde is used Even 
dilute solutions of erythrocruonn in water are quite opalescent. Therefore, 
owing to light scattering, the band of femerythrocruonn at 640 m/i is 
difficult to observe before a large percentage of the chromoprotem is con- 
verted to the feme stage 

In all cases studied, the behavior of a sample of human hemoglobin m 
phosphate buffer was investigated under identical conditions. The fern 
bands were identified by shifting them with fluondc to 610 m/i, and by ob 
serving their intensification and sharpening by this treatment 

After shaking a solution of oxyerythrocruonn (prepared by ultracentnfu 
gation) at pH 7 5m phosphate buffer and 25°C for 24 hours m air, no 
femerythrocruonn could be detected When a solution of pure oxy 
erythrocruonn (in phosphate buffer at pH 7 5), prepared by ultracentnfu- 
gahon, was shaken for 14 hours at 37°C the respiratory protein was de 
natured and showed a greenish gray color That Lumbrtcus erythrocruonn 
13 none the less unable to form a “green hemoglobin” of the hind described 
by Lemberg and others was shown by the following expenments 

Erythrocruonn was dissolved in secondary phosphate and potassium 
cyanide was added to the mixture The system was then aerated Whereas 
chicken hemoglobin under identical conditions turned greenish and showed 
a band at 615 mu, no green product was formed by Lumbrtcus erythro- 
cruonn, and no band appeared at 615 m/t 
To 5 cc. of a solution of chicken hemoglobin in secondary phosphate 
2 mg of ascorbic acid were added , the pH of the mixture was 7 8 Through 
this solution, as well as through a correspondingly prepared mixture con 
taming erythrocruonn, air was bubbled for 24 hours at room temperature t 
No color change took place m the erythrocruonn solution, but the 
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of chicken hemoglobin turned greemsh and showed a band at 615-620 m/j, 
The erythrocruonn solution gave a strongly positive hemochromogen test 
No ferrierythrocruorin band was detectable, even after addition of sodium 
fluoride at pH 5 

A solution of pure oxyeiythrocruonn in phosphate buffer at pH 7 5, was 
treated with CO and the spectrum of carbon monoxide erythrocruonn was 
compared with that of a solution of human carbon monoxide hemoglobin 
The spectra were found to be identical The readings for the maxima were 

I S70 m/i II 535 m/t 

Addition of sodium hydrosulfite did not influence the spectmm It is 
worth mentioning that the carbon monoxide compound of Lumbncus 
erythrocruonn does not differ appreciably in color from the oxycompound 
m contrast to the correspondmg vertebrate hemoglobin compounds 

The chromoprotem, after bemg filtered through Filter-Cel, can be ad- 
sorbed on aluminum hydroxide at pH 5 and eluted at pH 8 The adsorption 
of the pigment is only of advantage if purified extracts are used, because a 
yellow pigment present in crude extracts is adsorbed as well This pigment 
remains in the supernatant fluid when the erythrocruonn is sedimented from 
crude solutions 

Attempts to crystallize Lumbncus erythrocruonn by treating solutions of the highly 
purified pigment (prepared by ultracentrifugation) with ammonium sulfate of various 
concentrations or with solutions of cadmium sulfate, failed 

2 drops of a concentrated solution of erythrocruonn, prepared by ultracentrifugation, 
were added to 1 cc of phosphate buffer of vanous pH values Between pH 3 7 and 5 4 
precipitates appeared, the strongest one at pH 4 3 No precipitate was formed between 
5 4 and 7 3 The isoelectnc point determined by electrophoresis, according to Svedberg 
and Enksson (5), is at pH 5 28 

2 Erythrocruonn of Glycera dibranchiala Ehlers 

Preparation — The mam blood vessels of the worm are opened near the head and the 
blood is collected Each worm yields about 2 cc of blood The blood corpuscles are 
centrifuged off and washed twice with 0 9 per cent NaCl solution at the centnfuge 
Distdled water is added to the washed blood cells to obtam a volume three times that 
of the original blood volume A few drops of ether are also added to enhance hemolysis 
Repeated freezing and thawing of the corpuscles at — 50°C and +20°C respectively 
failed to destroy all of the blood cells present The addition of the ether caused most of 
the blood cells to hemolyze, but a certain number remamed intact A similar behavior 
of the blood corpuscles of Urcclus caupo was reported by Redfield and Florhin (6) 
Additional amounts of the erythrocruonn may be obtained as follows The bodies of 
the worms are minced, after bleeding, and the mass separated from the juice by submit- 
ting it to the same procedure used for the Lumbncus lerrestns extract A clear, red 
purified solution may be obtained by filtration of the extract through Filter-Cel 
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Ultraunirtf ugatton — In this case quantity ultracentnfugation was not 
practical as a method of purification since a preliminary run with the an 
alytical centrifuge indicated a molecular weight which is smaller than that of 
vertebrate hemoglobin This agrees with the finding of Svedberg (1) that 
the eryihrocruorm of another Glyura species, viz , Glycera gotst, has a 
sedimentation constant of 3 5 (m w 34 000) A substance with such a 
molecular weight would require very long sedimentation times with a 
centrifuge of the type at our disposal 
Elccirophortsvs — A solution obtained b> lahmg stored, frozen blood cor 
puscles was examined m the electrophoresis apparatus of Tiselius with the 
aid of the Toepler schlieren method The diagrams obtained by Longs- 
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Flo 1 Electrophoretic diagram of Glvcera er) throcroonn Total erythrocruonn 
concentration approximately 1 per cent 0 017 molar phosphate pH 8 180 Volta 3.2 
milhamps 3°C Eaatman plus V film Corning filter No 246 Mania tungsten filament 
lamp (300 watt) 

worth’s schlieren scanning method (see Fig 1) showed the presence of two 
major and of two minor protein components According to quahtatise 
spectroscopic observations the protein of the lowest mobility represented the 
/erroerythrocruonn, the protein with the nert higher mobility was fem 
erythrocruonn Both minor components had a higher mobility and were 
colorless The mobility values obtained at pH 8 with the aid of simple 
schlieren band photographs were as follows anode limb erythrocruonn 
1 2 X 10 - *, femerythrocruonn 10 X 10"* cathode limb erythrocruonn 
0 68 X 10-* femerythrocruonn 8 3 X 10-* cm /sec /volt. 

Isolation of Banin — For the preparation of hemln from Glvcera erythrocruonn the 
procedure used by Marburg Negelein and Haas (7) for the preparation of Spuopaphls 
betrun was employed 240 cc, of a solution of ervthrocruonn (two times the original 
volume of the blood of about 60 worms) were dropped In a mixture of 12 liters o< 
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and 120 cc normal HC1 The denatured globm was filtered off and the acetone was 
removed by distilling under diminished pressure, at 35°C , until the crude hemin pre- 
cipitated It was dissolved in 30 cc of hot propionic acid, and 15 cc of hot HC1 (0 5 
per cent) were added The red hemin, which crystallized out, was dned in an evacuated 
desiccator over sulfunc acid The yield was 62 mg of hemin Blood worm hemin 
crystallizes in a form identical with that of mammalian hemins 

Preparation of the Mesoporphynn Dimethyl Ester of Glyccra Hemin — 29 6 mg of 
hemin w ere dissolved in a mixture of 1 5 cc HI (sp gr 1 7) and 7 cc glacial acetic acid, 
and boiled for 1 minute following the procedure of Fischer and Kogl (8) After cooling 
to room temperature the mixture was poured into 20 cc of water containing sodium 
sulfite and sodium acetate The porphyrins formed were extracted with ether The 
mesoporphynn fraction was extracted from the ether with 2 per cent HC1 After 
neutralizing with NaOH the mesoporphynn was again taken up in ether The ether 
solution was dried overnight with sodium sulfate and then evaporated at room tempera- 
ture under diminished pressure The mesoporphynn crystals thus obtained were 
treated with 15 cc of freshly prepared, dry methyl alcoholic HC1 for 24 hours The 
methyl alcohol and HC1 were then distilled off under diminished pressure The violet 
residue was taken up in a few cc of chloroform and diluted with ether From the chloro- 
form-ether mixture the ester was extracted with HC1 (5 per cent), and, after neutralizing 
with NaOH, it was reextracted with ether The ether was w’ashed several times with 
water and allowed to stand overnight with sodium sulfate It was evaporated under 
nitrogen A violet, crystalline substance with a melting point of 212°C (uncorr ) was 
obtained The melting point of the ester when mixed with an authentic sample of the 
svnthetic ester prepared in Prof H Fischer’s laboratory, showed no depression 

Mesoporphynn dimethyl ester, prepared from Glyccra hemin m p 212 5°C 

Mesoporphynn IX, dimethjl ester, synthetic (H Fischer), mp 212°C 

Mixed melting point 211 5°C 

The absorption spectra of the two preparations in ether were identical 
The absorption bands were found to be at 

I 490-505 II 530 III 570 IV 630 mp for the Glyccra ester, 

I 490-505 II 530-535 III 570 TV 630 mp for the synthetic ester 

Spectra of Glyccra Erythrocruonn and Derivatives — A solution of 0 2 
per cent erythrocruonn -was compared with a 0 1 per cent solution of human 
hemoglobm After addition of potassium ferncyamde both solutions 
showed the fernhemoglobm band at 640 mp, w'hich was shifted to 610 mp 
by the addition of sodium fluonde at pH 5 in phosphate buffer Both 
solutions showed identical bands at 585 and 545 mp, after the addition of 
sodium hydrosulfite The carbon monoxide compounds of human hemo- 
globm and Glyccra erythrocruonn show r ed identical absorption spectra 
I 570 H 535 mp The fernerythrocruorm showed a browm color, car- 
bon monoxide erythrocruonn was cherry red , both were similar m color to 
the corresponding hemoglobin compounds 
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Rate of Dissociation of Oxyerylhrocruonns 

These experiments were kindly performed by Mr DuBois with the aid 
of his recording reaction meter (3) 

As Roughton and Millikan (9) have shown, the rate of the spontaneous 
breakdown of oxyhemoglobin mto oxygen and hemoglobin may be measured 
by introducing NaiSjOi mto the system In this instance NatS t Oi does not 
act as a reducer but it merely absorbs those Oi molecules which are liber 
ated by the spontaneous dissociation Consequently the observed rate is 
mdependent of the concentration of the hyposulfite (9) In the present 
experiments the NajSiOi concentration was 0 5 per cent in borate buffer 

A solution of human hemoglobin of 0 2 per cent Hb was used as the con- 
trol The actual concentration of hemoglobin during the reaction was 0 1 
per cent The solutions of worm hemoglobins used were matched by color 
with the human hemoglobin solution For the human hemoglobin, when 
measured at 27°C and at pH 8 37, the t K value (*= half time of reaction) 
was 0 027 second The Luminous erythrocruonn was measured at 23°C 
and at pH 8 0, the t K value obtained here was 0 070 second The solution 
was opalescent The photographic record showed only a relatively small 
deflection The Glycera erythrocruonn was measured at 28°C and at 
pH 8 62, the t K value obtained was 0 027 second, » e , identical with that 
found for human hemoglobin 

3 Erythrocruonn of Nerns mrens 

The oxyerythrocruonn of this worm shows absorption bands identical in 
position with those of human oxyhemoglobin Addition of potassium 
femcyamde produces a femcompound reacting in the typical fashion with 
fluonde The carbon monoxide compound shows a spectrum identical 
with human carbon monoxide hemoglobin The pyndine hcmochromogen 
spectra of the two pigments are identical The N erns pigment was pre 
pared in an analogous way as described for the erythrocruonns of Lumbncus 
lerrestns and of Glycera dibrancluata, and was also purified by ultracentnfu 
gation The supernatant shows a dark, brown color The red pellets 
obtained by ultracentnfugation dissolved readily m water 

DrscussioN 

The faculty to synthesize iron porphyrin compounds is found in uni 
cellular org anisms as well as in highly developed vertebrates Even in 
animals which have hemocyanin as their respiratory pigment, hemin is 
present as an essential part of cytochrome (10) Hemin occurs in’ certain 
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respiratory pigments (hemoglobin, erythrocruonn), in myoglobin, in cyto- 
chrome c, and as the prosthetic group of catalase The difference in the 
chemical and physical properties of these chromoproteins depends on the 
specific protem with which the hemin nucleus is combined, the number of 
hemin groups present in the molecule, and the character of their linkage to 
the protem part 

Amphoxus lanceolalus contains no hemoglobin (11) and the Cyclostomata 
contain hemoglobm of a low molecular weight (1) All other vertebrates, 
however, contain hemoglobin of the molecular weight of 68,000 Anson 
et al (4) have pointed out, that significant differences exist in the position 
of the bands of human hemoglobm and of that of the msect Chironomus 
These differences are to be attributed to the protem part of the molecule, 
since the prosthetic group of the Chtronomus pigment is identical with 
protoheme IX (12) 

The worms are the only class of invertebrates, in which hemoglobm is 
widely distributed Two types of hemin have been found in worms the 
green-red Spirograplns hemm and the red protohemm The constitution 
of Spirographs hemm has been shown by Warburg and his coworkers (13) 
and by Fischer and von Seemann (14) to be that of 1 ,3,5,8, tetramethyl- 
2 formyl, -4 vmyl porphin,6,7, dipropiomc acid It is very similar to 
hemm EX and is also derived from etioporphyrm III 

The present experiments show that the hemm of Glycera is identical with 
that of the vertebrates The differences in chemical and physical chemical 
properties of the respiratory pigment of Glycera and that of the vertebrates 
must therefore be attributed to the protem part of the molecule 

By comparing the half time, t K , of dissociation as measured for human, 
Glycera, and Lumbncus oxyhemoglobin with the half time measured for 
hemocyanms of different molecular sizes, one finds m accordance with 
Millikan (15), that the order of magnitude of the reaction is the same, 
even when the molecular size of the pigments is greatly different It seems 
that the dissociation time of oxygenated respiratory pigments bears no 
relation to the structure of the prosthetic group of the molecule and is also 
independent of the living conditions of the species Whether this is a 
general rule cannot be definitely stated before additional measurements on 
the dissociation rate of other respiratory pigments are available 

SUMMARY 

1 Two high molecular invertebrate hemoglobins (the erythrocruonns 
of Lumbncus lerreslns and of Nereis virens ) as well as the low molecular 
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erythrocruonn of Glycera dibranclnota Ehlers were studied Their physical 
chemical properties were compared with those of vertebrate hemoglobin 

2 The hemin of the blood pigment of Glycera dtbrattchtala Ehlers was 
shown to be identical with that of vertebrate hemoglobin 

3 The dissociation rates of Glycera and human oxyhemoglobin were 
measured m the reaction meter of DuBois and (half time of the reaction) 
was found to be identical (0 027 second) for the two pigments The lu 
value for the high molecular Lumbncus erythrocruonn was 0 070 second 

4 The chemical constitution and physical chemical properties of ery- 
throcruonns were compared with those of vertebrate hemoglobin and of 
hemocyaiun 


The author wishes to thank Dr Kurt G Stem for his advice and aid 
given throughout this investigation 
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STUDIES ON THE LACTASE OF ESCHERICHIA COLL 
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A yeast capable of fermenting lactose was first described by Adametz 
(1889) He found it in his studies on the microorganisms of cheeses and 
gave it the name Saccharomyces laclts In the same year Beijerinck work 
ing with two species of yeast, Saccharomyces kefir and 5 tyrocela, succeeded 
in demonstrating in the filtrate of his cultures a lactose hydrolyzing enzyme, 
which he named ‘lactase ” 

Following these investigations lactases were soon detected in many yeasts, 
molds, bacteria, and m anim al tissues In 1896 Fischer and Niebel voiced 
the opinion that hydrolysis had always to precede the fermentative decom- 
position of lactose From their study of the structure of carbohydrates 
they concluded that the enzyme concerned must be specific for the alpha- 
glucose beta-galactoside linkage of milk sugar Due to more recent work, 
however, the validity of these assumptions has become rather questionable 

Lactases are widely distributed in the plant and animal kingdoms Euler 
(1922) in reviewing the literature on this subject points out that they are 
always found m the intestinal tract of young mammals but decrease mark- 
edly with age As to their occurrence m the pancreas there is no agreement 
among the various authors More recently Cajon (1935) has reported a 
lactase from the dog’s liver 

Bierry and Ranc (1909) found a lactase m the gastrointestinal tract of 
the edible snail, Helix pomalta, and Wigglesworth (1927) reported it from 
the midgut of the cockroach, Pertplancla amencana It is, however, very 
doubtful whether these lactases are identical with those of higher animals, 
and the same holds for the lactases of higher plants, most frequently encoun- 
tered in the famdy Rosaceae The best known example in this group is the 
enzyme emulsin of bitter almonds, which can hydrolyze lactose as well ns 
beta-glucosides. 

Vanous species of yeas-s, molds, and bacteria are capable of fermenting 
lactose and may contain lactases Such have been found m Aspergillus 
niger and A oryzae by Hofmann (1934 a), in Dtplococcus pneumoniae by 
Fl emin g and Neill (1927 a), in Clostridium perfnngens by the same authors 
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(19275), in Escherichia coli by Lowenstem, Fleming, and Neill (1929), and 
m Escherichia coli mutable by Hershey and Bronfenbrenner (1936) and 
Deere, Dulaney, and Michelson (1936) The presence of lactases m these 
organisms, however, does not necessarily mean that hydrolysis of the lactose 
into its constituent sugars has to precede fermentation The evidence ob- 
tained by Willstatter and Oppenheimer (1922) for lactose yeast, by Wright 
(1936) for Streptococcus thermophilus, and more recently by Leibowitz and 
Hestnn (1939) for maltose yeast points very strongly to the possibility of 
direct fermentation of lactose and other disacchandes under certain 
conditions 

Escherichia coli was selected for a general study of its lactase, special 
emphasis being placed on the kinetics of enzyme action, heat inactivation, 
and the behavior of the enzyme toward some reducing and oxidizing agents 
and salts of heavy metals 


EXPERIMENTAL 

1 Preparation of the Enzyme Solution 

Fleming and Neill (1927) were successful m obtaining cell-free extracts of carbo- 
hydrases from pneumococci by subjecting them to repeated freezing and thawing 
In this process zymases were destroyed, while the activity of the hydrolytic enzymes 
was preserved This method is very tedious and time-consuming and therefore was 
not mvestigated further 

Hofmann (1934 b, c) obtained active lactase preparations from E colt and B dcl- 
bruktt by treating the bacteria with an alcohol-ether mixture and then drying them 
at room temperature This method was found to be unsatisfactory m our hands largely 
because of the susceptibility of the enzyme itself to the solvents used The activity 
of preparations of lactase so obtamed was very low and decreased on prolonged contact 
with alcohol, which sometimes was unavoidable 

To obtain appreciable amounts of enzyme, masses of E coli were grown on standard 
meat extract agar in which 1 5 per cent of lactose had been incorporated After 48 
hours incubation the organisms were washed off with a physiological salt solution, con- 
taining 1 per cent of toluene, and subsequently centrifugated This procedure was 
repeated three times in order to reduce to a minimum the concentration of adhering 
metabolic waste products The resulting suspension contained 6 X 10 u organisms 
per ml It was treated with an additional amount of toluene bringing the total con- 
centration of the latter up to 5 per cent Toluene serves three purposes (1) It acts 
as a preservative, (2) it inactivates the zymase complex without affecting the lactase 
(Willstatter and Oppenheimer, 1922), and (3) it destroys the semipermeability of the 
cell nails, bringing about a gradual autolysis of the bacteria 

Several attempts were then made to obtain a cell-free enzyme preparation As was 
mentioned abov e it was found that the lactase apparently was very susceptible to alcohol 
and ether It was also completely inactivated on dehydration with acetone When a 
toluene-treated cell suspension was incubated overnight at 37°C a dry gelatinous sub- 
stance was obtamed This was removed and ground to a powder, the relative activity 


H P KNOFFMACHKR AND A J SALLE 


379 


of which, a* determined by a method to be described later, was found to be 82 per cent 
of that ongmallj present in the bacterial suspension 

The dried powder, consisting of whole cells and cell fragments, was subjected to 
more rigorous autolysis. Measured portions were suspended In u/15 phosphate buffer 
solutions of pH 7 0 8 0 and 9 0 and incubated overnight at temperatures of 37°C 
and 46°C. They were then centrifugated and supernatants and sediments tested for 
lactase activity The opaque supernatant fluids were practically Inactive, whereas 
the precipitates still exhi b ited a marked activity though less than that of the dry powder, 
probably because of the severity of the treatment to which they had been subjected. 
A microscopical examination revealed that practically all bacterial calls were disinte 
grated, and only cell fragments were present. The enzyme, apparently, adhered to 
these cell fragments 

These observations are contrary to reports by KamtrSm (1930), who obtained cell 
free lactase preparations from & coli by suspending the dried organisms in phosphate 
buffer solution of pH 7.0. They are, however in agreement with results reported by 
Hershey and Bronfenbrenner (1936), who were unable to separate the enxyme from the 
bacterial cell and therefore concluded that it was an intracellular water insoluble enzyme. 

In another experiment equivalent amounts of toluene treated cell suspension were 
exposed to the action of trypsin and papain. In both instances lactase activity was 
destroyed. 

Finally 120 ml. of bacterial suspension were ground for 18 hours In a ball mill devised 
by Krueger (1933) But again lactase was inactivated 

In view of these experiences it was decided to use the original cell suspension m all 
subsequent experiments and it will be referred to in this report as “enxyme solution ’ 
or E coil lactase” inasmuch as it was solely employed for hydrolyzing lactose. This 
preparation was stored in an icebox at 5°C. where its activity decreased only slightly 
during the course of several months 

2 Materials and Methods 

Standard sugar solutions 1 gm. of lactose hydrate and glucose, respectively were 
dissolved in 100 mL of distilled water and a few drops of toluene added. 

Throughout the course of the experiments dilutions were prepared from these standard 
solutions 1 ml of which contained 10 mg of the respective sugar 

The Folin Wu method (1920) for blood sugar determination was chosen as best fitted 
for measuring the total amount of sugar present before and after hydrolysis by the 
enzyme. 

Experiments were conducted as follows The desired dilution of the standard was 
prepared by the use of u/15 phosphate buffers of measured hydrogen ion concentration. 
One-tenth mL portions of enzyme preparation were added to 5 mL of lactose solution 
and the tubes shaken in a water bath at 36°C for a certain length of time. Thereupon 
they were centrifugated for 30 minutes and the supernatant liquid used for sugar deter 
ruination 2 ml were pipetted into Folin-Wu sugar tubes, 2 mL of copper solution 
added, and the tubes then placed in boiling water for 8 minutes. After cooling 2 mL 
of color reagent (pbosphomolybdlc add) were added, the tubes made up to a volume 
of 25 ml with water and the resulting color compared with that of a standard. 

In preliminary readings employing glucose and lactose solutions of 
trations, it was found that 1 mg of lactose corresponded to 0.504 
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all experiments, therefore, the values obtained ha\ e been expressed m terms of glucose 
or total reducing sugar on the basis of the above empirical determination 

For example, if the initial concentration of lactose is 1/40 of that of the standard 
solution, i e. 2 ml contain 0 5 mg of lactose, it will be read as 0 252 mg of glucose or 
total reducing sugar, a glucose solution being alwax s used as the standard for com- 
parison 

For each experiment a parallel control had to be set up since most of the chemicals 
whose effect on the enzyme was to be tested were oxidizing or reducing agents, and the 
enzyme solution itself slightly reduced copper sulfate For this purpose corresponding 
amounts of enzyme and chemical reagent were added to 5 ml of phosphate buffer solu- 
tion and the reducing values obtained then subtracted from the totaL 

Finallx , a correction for x olume had to be made to an extent dependent upon the 
amount of enzyme solution and chemical reagent added. 

It was impossible to maintain a perfectly uniform rate of h\ drolx sis for the duration 
of the experiments The values fluctuate between 51 and 59 per cent hjdroljsis per 
hour for a 1/40 lactose solution This circumstance, however, was not regarded as of 
importance inasmuch as the problem selected concerned mereh the comparative stud) 
of rates of reaction as affected by hydrogen ion concentration, temperature, and chemicals. 

RESULTS 

1 The Effect of Hydrogen Ion Concentration 

Optimal conditions with regard to hydrogen ion concentration differ 
for lactases from various sources (Oppenheimer, 1935) 

To determine the effect of pH on the actimt) T of E coh lactase, experi- 
ments were earned out as follows ai/ 15 phosphate buffer solutions of 
different pH were prepared and their hydrogen ion concentration checked 
by means of a glass electrode The} T were then used to make up lactose 
solution of a concentration of 1/40 with respect to the standard (0 252 mg 
of total sugar per 2 ml ) 

As described above, 5 ml were then mixed with 0 1 ml of enzyme prep- 
aration and shaken m a water bath at 36°C for 1 hour, and the reducing 
sugar was determined The results are given in Table I 
The values are plotted in Fig 1 

The results indicate that the activity of the enzyme is markedly reduced 
by slight acidity but much less affected by alkalinity of the medium The 
optimum pH for the time period and temperature given seems to extend 
ox er the range between 7 0 and 7 5 Consequently, all subsequent experi- 
ments were earned out at a pH of 7 5 

2 The Mechanism of Enzyme Action 

Michaeks and Menten (1913) worked out general rate laws for the action 
mvertase on sucrose by assuming a chemical combination of the enzyme 
with its substrate as the governing step m the hydroh sis of the sugar 
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The enzyme-substrate equilibrium can be represented by the equation 

_ CEO CS) 

K ‘ ~ 1ES) 

TABLE I 



J 6 pH r 8 8 


Fio 1 Effect of pH on the rate of hydrolysis of lactose by E cal i lactase 

where (£) and ( ES) refer to the concentration of free and combined enzyme 
respectively and (S) to the concentration of the substrate 
The constant k could be determined by simple mathematical calculation, 
leading to the equation 

» (S) . (V. A 
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in which v represents the initial velocity at the substrate concentration 
(S), Vm the maximum velocity, k,, therefore, being equivalent to the sub- 
strate concentration at which half the limiting velocity is reached 
Lineweaver and Burk (1934) developed graphic methods for determining 
dissociation constants of enzyme-substrate compounds Smce in some 
cases one molecule of enzyme reacts with several molecules of substrate they 
modified the Michaelis-Menten equation accordingly 

(E) CS)" 

,r= (ES.) 

and 

v_ a (S)" 

F c. ° (S)» + k. 

The latter equation can then be written 

1 _ k, 1 
V “ Vm(S) n + Vm 


m which V m , the maximum velocity, and k, are constant 

-A plot of - against — must therefore give a straight hne for some in- 
ti S n 

1 1 

tegral value of n The mtercept of this hne on the - axis is — and its 

v V m 


slope 


In this fashion, then, the constants are easily determined 


When the above equation is multiplied by (S) n it assumes the form 
(S) n k (S) n (S) n 

_ _L - — By plotting agamst (S) n a straight hne is agam 

v V„ V„ v 

(S) n K 1 

obtamed The mtercept on the - — axis is — and the slope is — 

F v V m Vm 


The latter plot is not only of importance m checking the values obtamed 
by the former but also m discovering any departure from a straight hne 

due to substrate inhibition In such a case plots of against (5)" give 


curves that rise concavely with increasing substrate concentration 
The following solutions were prepared 

(a) A 1 /10 dilution of the standard (2 mg of lactose per 2 ml = 29 3 X 
10~ hi) 

(i b ) A 1/20 dilution of the standard (1 mg of lactose per 2 ml = 14 6 

X 10-hi) 
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(c) A 1/40 dilution of the standard (0,5 mg of lactose per 2 ml = 7 3 X 
lO-hl) 

(d) A 1/60 dilution of the standard (0 33 mg of lactose per 2 ml — 4 9 
X 10 ->m) 

The results of hydrolysis after 30 and 60 minutes are given m Table II 

Upon plotting 1/e against 1/5 and S/v against S practically straight lines 
were obtained (See Figs 2 and 3 ) Consequently, it can be concluded 
that one molecule of enzyme combines with one molecule of lactose aa is 
the case with all the other carbohydrates so far investigated 


table n 

Rate of Sydroiytu of Varying Concentrations of the Substrate 



Amont of total 

Vtlodty 

IAUtO 

I 

S / » 

1 Subatmtc A 

•K ftrZml 

ttrmln 




30 min. 

60 « 

2 Sutatrate B 

1 164 

1 312 

0 0033 

0 0051 

192 


384 

30 min. 

60 “ 

3 Snb*tr»te C 

0 628 

0 722 

0 0041 

0 0036 

260 

1 0 

260 

30 min. 

60 

4. Substrate D 

0 332 

0 394 

0 0027 

0 0024 

392 

2 0 

196 

30 min. 

60 “ 

0 233 

0 273 



3 0 

167 


The intercept on the 1/a axis is at 138, hence F„ = 1/138 — 0 0072 mg 
per 2 ml per minute 

K. - V. X dope - 0.0072 X 132 - 055 mg per 2 mL - 13 9 X 10-<u or 0.00139 

V m and k , as evaluated from the second plot, are somewhat higher 
The intercept on the S/v axis is at 132 — k,/V m 1 /V m — 130, hence 
F_ = 0 0077 and k =■ 1 02 = 14 9 X lO^u, or 0 00149 
From these plots it may be inferred that the substrate has no inhibiting 
effect on the rate of hydrolysis by the enzyme 
To determine the effect of different concentrations of E cols lactase on 
the rate of hydrolysis of lactose an experiment was set up in the ordinary 
way, usin g a 1/40 lactose solution but adding varying amounts of enzyme 
preparation The results are recorded in Table HE 

Plotting the figures of the third column against those of the first gives 
practically a straight line (Fig 4) This may be also expressed >- 
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matical form by the equation K *=* where x represents the amount 

hj drolyzed, E the enzyme concentration, and i the time, which in the 
abo\c experiment was constant, viz , 1 hour It is at once evident that 


table m 

Hydrolysis by Porytfig En~yme Concentrations 



Cnjyrrc ct>occntmf«on (in nil 

Fio, 4 Relation between enzyme concentration and the rate of hydrolysis 

the values for A fit the above data far better than those for A,, the so called 
Schtlti constant (18SS) Analogous results with \ cast lactose were reported 
by Willstatter and Oppcnhcimer (1922) In view of the fact that, as has 
been shown prc\ lously, a definite equilibrium between enryme and sub- 
strate is established the products of reaction apparently do not decrease 
the rate of hj drolysis 
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3 Kinetics of Lactose Hydrolysis by E coh Lactase 

The hydrolysis of lactose by E coh lactase follows a course between a 
zero and first order reaction which is quite common for hydrolytic enzymes 
Michaehs and Men ten (1913), confronted with such difficulty in the 



Fig 5 Relation between substrate concentration and the rate of hydrolysis 

case of invertase, showed that its action could be expressed by a formula 
that is actually a combmation of zero and first order equations 

Zero order k *= kef 
a 

First order In = fat, 

a — x 

a 

Michaelis-Menten equabon V m i = x + In 

o x 

Essentially the same formula was derived by Van Slyke and Cullen 
(1914) for the action of urease on urea Barendrecht (1913) showed that 
it also held for lactase prepared from yeast 
As suggested in the original paper of Michaehs and Menten, the data of 
Table II have been presented graphically m two ways In Fig 5 the 
amount hydrolyzed (x) is plotted against time (0 It is readily seen that 
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for the highest concentration a straight line is obtained indicating that the 
zero order reaction holds in this case which is in agreement with Michaelis 
and Menten’s observations 

a 

In Fig 6, z + 2 3 k log ax is plotted against time, and practically 
straight lines result, at least for the 1st hour Only in the case of the 1 /40 
lactose solution were additional data for the 2nd hour available (z «. 0 185 



after 1 5 hours and * ~ 0 214 after 2 hours), and these, too, follow prac 
ticafly a straight line Hence, one can draw the conclusion that hydrolysis 
of lactose by E colt lactase approximates the reaction course of the in- 
tegrated Michaehs-Menten equation 

4 The Effect of Temperature 

5 ml of a 1/40 lactose solution were incubated with 0 1 ml of enzyme 
preparation for 30 minutes at , 36 D C , 46°C , and 56°C after preheat 
mg the enzyme for 5 minutes at the respective temperature. „ Table IV 
shows the results obtained “v r 
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The recorded drop of lactase activity between 36°C and 56°C may be 
attributed most probably to a more rapid heat inactivation of the enzyme 
at the higher temperatures 

To elucidate this point further a few experiments were set up designed to 
determine the rate of enzyme destruction at different temperatures Test 
tubes contammg measured amounts of enzyme solution were i mm ersed m 
a water bath at the desired temperature which was closely controlled 


table rv 

Effect of Temperature on the Degree of Hydrolysis of Lactose by E colt Lactase 


Temperature 

Amount of total sugar 

Hydrolysis 

Ratio of activity 

°C 

ms per Z ml 

per cent 


26 

0 295 

17 ll 


36 

0 330 

31 0/ \ 

1 ol 

46 

0 379 

50 4 /1 

1 Oj 

56 

0 249 

o / 

0 


TABLE V 


Rates of Heal Inactivation of E colt Lactase at Different Temperatures 


Temperature of 
preheating 

Time of preheating 

Amount of total sugar 

Amount hydrolysed 

First order constant 

°C 


ms per Z ml J 



45 

0 

0 379 

0 127 



15 ! 

0 354 

0 102 

0 0146 


20 

0 345 

0 093 

0 0156 


30 

0 332 

0 080 

0 0154 

53 

0 

0 379 

0 127 



3 

0 336 

0 084 

1 0 138 


5 

0 319 

0 067 

0 128 


7 

0 300 

0 048 

0 139 


After heating for varying times the tubes were placed in ice water to check 
as quickly as possible further destruction of enzyme The residual lactase 
activity was then determined in the ordinary way of mixing 0 1 ml of en- 
zyme preparation with 5 ml of a 1/40 lactose solution and shaking it in a 
water bath of 36°C for 1 hour The results of experiments carried out at 
temperatures of 45°C and 53°C are given in Table V 

It was found that thermal inactivation of E coli lactase followed the 
equation of a simple first order reaction 

2 3 log A 0 /a = it. 
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where .4 o is the activity of the unheated enzyme solution, in other words, 
the amount hydrolyzed under ordinary conditions, A the activity of the 
enzyme heated for the tune t , and k the constant of heat inactivation 
The average values for k are thus 0 0152 at 45°C , and 0 135 at 53°C 
They can be determined also by plotting log A against t as has been done in 
Fig 7 

It is at once evident that the rate constant for heat inactivation changes 



FlO 7 Rate of heat inactivation of E. coh lactase. 


very considerably with a relatively small change m temperature Similar 
observations have been made with all the enzymes bo far investigated, 
and they are in close agreement with those reported with regard to the dc- 
naturation of proteins 

Destruction rates are best considered in their relation to the correspond 
mg "heats of enzyme inactivation " These latter values, known as "critical 
thermal increments," can be calculated with aid of the van 1 ! Hoff Arrhenius 
equation 


i\ n * AD 
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in which k is the reaction velocity constant, T the absolute temperature, 
R the gas constant, and A H the “critical thermal increment ” 

Integrated between the limits T 2 and 7\, the above equation assumes the 
following form 



Since h = 0 0152, k 2 = 0 135, 7\ = 318°, T 2 = 326°, and R = 1 99 
calories, the value of AH is calculated as 56,400 calories per mol 

This thermal increment is of the same order of magnitude as those meas- 
ured in protein denaturation and hence indicates the possibility that E coh 
lactase may be a protein Besides, previously cited experiments on de- 
struction of lactase activity through the agency of trypsin and papam 
constitute another strong evidence for the protein nature of the enzyme 

5 Activation and Inhibition by Chemicals 

Inhibition phenomena have been most thoroughly investigated with re- 
spect to the action of yeast invertase on cane sugar 

Among others, Euler and Svanberg (1920) and Myrback (1926) have 
studied in great detail the inactivation of this enzyme by various chemical 
reagents From the results of his expenments Myrback has derived some 
tentative conclusions as to the nature of the groups that enable the enzyme 
to decompose its substrate According to him, an acidic, a basic ammo, 
and an aldehydic group are parts of the mvertase molecule concerned with 
the hydrolysis of cane sugar He found no evidence that sulfhydryl was 
an essential group 

Only recently, however, Manchester (1939) noted an acceleration of 
mvertase activity due to the addition of potassium cyanide which is in 
close agreement with the results obtained for E coh lactase As will be 
discussed later this may point to the presence of SH groups in the enzyme 
molecule 

Activation and inhibition of E coli lactase is produced by a variety of 
chemical agents (see Tables YI-XIII) All expenments were earned out 
at 36°C and at a pH of 7 5 for a penod of 1 hour The substrate, as usual, 
was 5 ml of a 1/40 lactose solution One-tenth ml of enzyme preparation 
was at first treated with the chemical agent whose action on the rate of hy- 
drolysis was to be determined, by incubation for about 15 minutes and then 
added to the substrate 
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6 Attempted Rcactnsatum 

Von Euler and Svanberg (1920) succeeded in reactivating, by means of 
hydrogen sulfide and sodium cyanide, yeast invertase poisoned by heavy 
metal salts such as silver nitrate and mercuric chloride A similar reactiva- 
tion of the protease papain is well known It was demonstrated first by 
Vines (1902) and Mendel and Blood (1910) and later by many other in 
veiti gators 

Only recently, however, were Hellerman, Perkins, and Clark (1933) 


TABLE VI 

Activation by Potassium Cyanide 


Amount ot K.CN added 

Amount of total mu 

HydrolyaU 

Ratio of activity to tint 
of «a treated eoiyro* 


•1 ftfi mJ 

tmd 


None 

0 391 

53 2 

1 00 

0.1 mL 10-hl 

0 38S 

54 0 

0 9S 

0 1 ml lO-hi 

0 418 

65 8 

1 19 

0.1 ml 10h( 

0 43 3 

n 2 

1 31 

0 1 mL IO^m 

0 381 

51 2 

0 93 


TABLE VII 


Actuation by Sodium Sulfide 


Amount of NuS addad 

Amoumt of total mar 

Hydrolyih i 

Ratio of aotWty to that 
of untreated eniymc 


«X tutut 

ftt emt 


None 

0 380 

51 2 

1 00 

01 mL 10 hr 

0 382 

51 6 

1 01 

0.1 mL 10-hi 

0 422 

67 4 

1 32 

OJ mL 10 *u 

0 412 

63 5 

1 25 


and Hellerman and Perkins (1934) successful m restoring to normal the 
activity of urease and papain by suitable reducing agents after a preceding 
inactivation by salts of heavy' metals and oxidants. 

On the basis of these findings analogous experiments were set up with 
E colt lactase They were earned out as usual, the enzyme, however, 
being treated first with the inhibiting, then with the reducing agent, each 
for about 15 minutes 

The results are given in Table XTV 

J5 call Ipi-iasp was irreversibly inactivated by most of the, enzymic 
poisons used, in contrast to yeast invertase, urease, and T* 

Table XIV) 


TABLE Vin 


Activation by Cysteine * 


Amount of cysteine added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 


mg per Ziml 

per cent 


None 

0 389 

54 4 

1 00 

0 1 ml 1 8 X 10"% 

0 388 

54 0 

0 99 

0 1 ml 4 5 X 10~% 

0 416 

65 1 

1 20 

0 1 ml 9 0 X 10~% 

0 413 

64 2 

1 18 


* Dilutions were prepared from Pfanstiehl’s cysteine hydrochloride adjusted to 
pH 7 0 


TABLE IX 


Inhibition by Mercuric Chloride 


Amount of HgCli added 

Amount of total sugar | 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 

None 

mg per 2 ml 

0 395 

per cent 

56 7 

1 00 

0 1 ml 10~% 

0 395 

56 7 

1 00 

0 1 mL 2 0 X 10~% 

0 353 

40 0 

0 71 

0 1 ml. 3 3 X 10"% 

0 318 

26 0 

0 46 

0 1 ml 5 0 X 10"% 

0 282 

11 9 

0 21 

0 1 mL 10"% 

0 250 

0 

0 


TABLE X 

Inhibition by Silver Nitrate 


Amount of AgNOj added 

Amount of total sugar 

i 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 



mg per 2 ml 

per cent 


None 

0 398 

57 9 

1 00 

0 1 ml 10"% 

0 398 

57 9 

1 00 

0 1 ml 3 3 X 10-% 

0 311 

23 4 

0 43 

0 1 ml. 5 0 X 10“% 

0 281 

11 5 

0 20 

0 1 ml 10-% 

0 252 to 0 260 

0 to 3 0 

0 to 0 05 


TABLE XI 

Inhibition by Copper Sulfate 


Amount of CuSOi added 

Amount of total sugar 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 


mg per 2 ml 

per cent 


None 

0 382 

51 6 

1 00 

0 1 ml 10"% 

0 382 

51 6 

1 00 

0 1 ml 2 0 X 10~% 

0 351 

39 4 

0 76 

0 1 mL 3 3 X 10~% 

0 333 

32 1 

0 62 

0 1 ml 10"% 

0 262 to 0 270 

4 0 to 7 1 

0 08 to 0 14 



TABLE XU 


Inhibition by Iodine {Aqueous Solution in Potassium Iodide) 


Amount of L added 

Amount of total mar 

BydroljnU 

Ratio ol activity to that 
of an trot ted euiyuic 



ft* uni 


None 

0 392 

55 6 

1 00 

0 1 ml. lCT*!! 

0 392 

55 6 

1 00 

01 ml. 10- 1 !! 

0 324 

28 6 

0 53 

01ml lO-V 

0 253 

1 2 

0 02 


TABLE XEI 


Inhibition by Hydropn Peroxide* 


Amount of H*0* added 

Amount of total nsax 

1 

HjeJxoljib 1 

Ratio of activity to 
that of untreated 
auymt 


mt fxrlwl | 

fuunX 


None 

0 322 

51 6 

1 00 

0 1 ml. 10 X 10->u 

0 323 

52 0 1 

1 01 

01 ml. IO-Hi 

0 364 

44 3 ! 

0 26 

ai mL 10~*u 

0 361 

43 3 t 

0 84 


* Dilutions were made from 30 per cent hydrogen peroxide (Merck’s Superoxol) 


TABLE XIV 


Attempted Reactivation of E coh Lactose 


Nature and amount of Inhibitor 

Natura and amount of redodn* 

IfOt 

Amount of 
total tUjar 

Hydrolyab 

Ratio of 
activity to 
that of 
on treated 
erayma 

None 

None 

Jfl 

0 382 

c»* 

51 6 

1 00 

0 1 ml. 10-* u IlgCVi 

None 

0 250 

0 

0 


0 1 ml. 10~* H KCN 

0 233 

0 

0 


0 1 ml 10“* M NatS 

0 243 

0 

0 

0 1 ml 10-» u AgNOj 

None 

0 252 to 

Oto 3 0 

OtoO 06 


0 1 ml 10"* u KCN 

0 256 

1 6 

0 03 


0 1 mL 10"* « Na»S 

0 251 

0 

0 

0.1 ml. 3.3 X 10-‘ u AeNOa 

None 

0 311 

23 4 

0 43 


0 1 ml 10“’ u N«S 

0 311 

23 4 

0 43 


None 

0 262 

4 0 

0 03 


0 l mL 10“* w KCN 

0 331 

31 4 

0 61 


0 1 mL 10"* h NmS 

0 305 

21 0 

0 41 

0 1 ml. 10-’ u It 

None 

0 2S5 

1 2 

0 02 


04 ml 10- 1 m NtiS 

0 258 

2 4 

0 05 


0 1 mL 9 X 10“* u cyiteinc 

0 262 

4 0 

0 08 


None 

0 324 

28 6 

0 53 


0 1 mL 10~ 5 u NaiS 

0 324 

28 6 

0 53 

0 1 ml 10-* u HtOj 

None 

0 364 

44 3 

0 86 


0 1 mL 1CT* m Na»S 

0 377 

49 9 

0 97 


0 1 ml 2 X 10- 1 K KCN 

0 388 

54 0 

1 05 
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Similar observations with heavy metal salts have been reported recently 
by Winmck, Davis, and Greenberg (1940) with regard to asclepam, a pro- 
tease from the latex of the milkweed Asclepias speciosa This enzyme is 
even inhibited by the practically insoluble sulfides of silver and mercury 
In this respect E coli lactase behaves differently Equal amounts of 
10~ S M solutions of mercuric chloride and silver nitrate and of a 10~ 2 m 
solution of sodium sulfide were mixed and then added to the enzyme 
Table XV gives the results obtamed 


table xv 

Effect of Heavy Metal Sulfides on E colt Lactase 


Nature and amount of chemicals 
added 

Amount of total sugar 

i 

Hydrolysis 

Ratio of activity to 
that of untreated 
enzyme 

None 

mi per 2 ml 

0 387 

Per cent 

53 6 

1 00 

0 1 ml 10~ 3 m AgN0 3 
+0 1 ml 10- 2 m NajS 

0 402 

59 5 

1 10 

0 1 ml 10- 3 m HgClj 
+0 1 ml lO- 2 M Na2S 

1 

0 386 

S3 2 

0 99 


DISCUSSION 

In its reaction course E colt lactase obviously follows the general pattern 
of carbohydrases as best exemplified by yeast invertase 

Studies of heat inactivation and destruction by proteases indicate its 
protem nature, but beyond this little can be said about the active groups 
of the enzyme molecule responsible for the decomposition of the substrate 
It is doubtful how far Hellerman, Perkins, and Clark’s theory (1933) 
concerning the oxidation-reduction state of urease may be applicable to 
E coli lactase The above investigators postulated sulfhydiyl groups to 
be part of the active enzyme molecule They contended that oxidation of 
SH groups to the dithio-stage or the formation of mercaptides with heavy 
metal ions led to an inhibition of the enzyme studied 

There seems to exist some analogy to their findings m the case of E coh 
lactase Its slight activation by reducing agents such as sulfide and 
cysteme and by cyanide and its readily reversible inactivation by hydrogen 
peroxide point to easily oxidizible and reducible radicals such as sulfhydryl 
groups The same holds for yeast mvertase But if they play any r61e 
in this connection it is apparently of minor importance Maybe they are 
protected in the lactase and mvertase molecules or not as actively functional 
as m proteolytic enzymes Groups other than sulfhydryl seem to be essen- 
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Ual for enzyme action Through them the enzyme molecule apparently 
forms insoluble complexes with mercury and silver ions, whereas cupnc 
ions are bound in a looser combination 
As for the action of iodine one might speculate on the formation of addi 
tion compounds such as have been suggested by Hemott (1936) in the case 
of pepsin He was able to isolate dnodo-tyrosine from pepsin that had 
been inactivated previously by treatment with lodme On the other hand, 
he noticed no appreciable oxidation of the enzyme by iodine 

SDHHARY 

A ‘lactase solution” was prepared from Eschencha colt The mechanism 
of its action has been studied and changes in the rate of hydrolysis under 
various conditions investigated 

The hydrolysis of lactose by the enzyme approximates the course of 
reaction of the integrated Michaelis-Menten equation One molecule of 
enzyme combines with one molecule of substrate 

E colt lactase is readily reactivated at pH 5 0, and its optimal activity 
at 36°C is reached between pH 7 0 and pH 7 5 
The optimal temperature for its action was found to be 46° C when 
determinations were earned out after an incubation penod of 30 minutes 
Its reactivation by heat follows the course of a first order reaction, and 
the entical thermal recrement between the temperatures of dS'C and 53°C 
was calculated to be 56,400 calories per mol 
The enzyme is activated by potassium cyanide, sodium sulfide, and cys 
teine, and irreversibly reactivated by mercuric chlondc, silver nitrate, and 
iodine 

After reactivation with copper sulfate partial reactivation is possible, 
while the alight inhibition brought about by hydrogen peroxide is com 
pletely reversible 

The possible structure of the active groups of E coh lactase as compared 
with other enzymes has been discussed 
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INTRODUCTION 

The first part of this paper describes a number of ways of esti matin g the 
SH groups of denatured egg albumin by measuring how much of a particular 
SH reagent is needed to abolish the SH groups and by measuring how much 
femeyamde is reduced by the SH groups The same titration value is 
obtained whether the SH groups are abolished by the omdinng agents, 
femeyamde and tetrathionate, or the heavy metal compound, p-chloro- 
mercurfbenioate , whether the titration is earned out in a guanidine hydto- 
chlonde solution or in a solution of Duponol PC, a detergent consisting of 
long chain alkyl sulfates, whether the abolition of the mtroprusside test or 
the reduction of femeyamde is used as proof of the abolition of the SH 
groups The same amount of femcyanlde is reduced by denatured egg 
albumin whether the reduction is earned out in a solution of guanidine 
hydrochlonde, urea, or of Duponol PC This agreement between the SH 
values obtained by very different procedures is strong evidence of the 
validity of the results 

Femeyamde is a partic ular ly convenient titrating agent. It is readily 
available and stable. Under the conditions used femeyamde reacts almost 
immediately with the SH groups of denatured egg albumin and yet does not 
react with other protein groups Altogether, denaturation by guanidine 
hydrochlonde or Duponol PC and oxidation of the SH groups by fern 
cyanide can be earned out in a few minutes 

It is important to use reagents of suitable punty for the titrations in 
guanidine hydrochlonde solution I have found that some samples of 
guanidine hydrochlonde and of protein contain impurities which bnng 
about the abolition of SH groups and thus interfere with the mtroprusside 
test and the SH titrations in guanidine hydrochlonde solution A method 
' has accordingly been worked out for obtaining pure guanidine hydro- 

* A brief account of the SH titration methods has already been published (Anson, 
1940 6) 
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chloride, and the techniques of the mtroprusside test and the SH titrations 
in guanidine hydrochloride solution have been so modified as to minimize 
interference by impurities 

Whether or not the SH groups of native egg alb umin react with a par- 
ticular SH reagent depends on which SH reagent is used All the SH groups 
of egg albumin can be abolished by reaction of the native form of the protein 
with iodine and some can be abolished by reaction of the native form of the 
protein with lodoacetamide (Anson, 1940 a) despite the fact that the SH 
groups of native egg albumin do not give a pmk color with mtroprusside 
(Heffter, 1907, Arnold, 1911), and are not oxidized by cystme (Mirsky and 
Anson, 1935), ferricyamde (Mirsky and Anson, 1936), or porphynndin 
(Kuhn and Desnuelle, 1938) The present experiments show further that 
^-chloromercunbenzoate, which combmes firmly with the SH groups of 
denatured egg albumin, combmes with native egg albumin either not at all 
or at least much more loosely than it combmes with denatured egg albumin 

The reactions of iodine and native egg albumin (Anson, 1940 a) have now 
been studied m more detail It has been found that if a small amount of 
iodine is added in the cold, the SH groups of neutral native egg albumin are 
all abolished without oxidation of many of the SH groups beyond the S-S 
stage and without conversion of many tyrosine groups mto di-iodotyrosme 
groups If enough iodine is added, the SH groups are oxidized beyond the 
S-S stage, the S-S groups originally present are oxidized, and the tyrosine 
groups are converted mto di-iodotyrosme groups 

The present pictures of protein structure are not complete enough to 
provide detailed explanations of the various reactions of the SH groups of 
different native and denatured protems with different SH reagents The 
facts about the properties of protem groups such as SH groups, however, 
are important for the development of an adequate theory of protem struc- 
ture 

The SH titrations m guanidine hydrochloride solution which were worked 
out with egg alb umin can be applied to tobacco mosaic virus Further- 
more, the SH groups of the virus, like the SH groups of egg albumin, can 
be abolished by reaction of the native form of the protem with iodine No 
reaction other than the iodine reaction is known by which the SH groups 
of native egg alb umin and tobacco mosaic virus can be abolished The 
discovery of the iodine reaction has thus made possible the study of the 
biological properties of tobacco mosaic virus which has been modified by 
oxidation of its SH groups by iodine The chemical and biological experi- 
ments with tobacco mosaic virus, which were suggested by the experiments 
with egg alb umin , will be described in other papers 
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Prmous Estimations of the SH Groups of Denatured Egg Albumin —The 
various procedures which have been used to estimate protein SH groups 
(Merely and Anson, 1935, Kuhn and Desnuelle, 1938, Greenstein, 1938, 
Anson, 1939) are all similar in principle to the methods used to estimate 
the SH groups of simple SH compounds such as cysteine and glutathione 
SH reagents in general react less readily with protein SH groups than with 
the SH groups of cysteine Some SH reagents, furthermore, can, under 
suitable conditions, react with protein groups other than SH groups The 
problem, therefore, in the estimation of the SH groups of unhydrolyzed 
protein is to find conditions under which the SH reagent reacts with all the 
protein SH groups and no other groups These conditions have apparently 
been fulfilled m the estimation of the SH groups of egg albumin by two 
methods which were developed from the earlier work. In the first method, 
one measures how much porphynndin has to be added to denatured egg 
albumin in guanidine hydrochloride solution so that all the protein SH 
groups are oxidized and the protein no longer gives a pink color with mtro- 
prusside (Greenstein, 1938) In the second method, one measures how 
much femeyamde is reduced by denatured egg albumin in a solution of the 
detergent, Duponol PC (Anson, 1939) 

Femeyamde and porphynndin are added to denatured rather than to 
the native egg albumin becaase native egg albumin does not reduce fem 
cyanide and poiphynndin at all Guanidine hydrochloride or Duponol 
PC arc added because in the absence of such substances not all the SH 
groups even of denatured egg albumin are rapidly oxidized by dilute fem 
cyanide and porphynndin The mtroprusside test is earned out in guam 
dine hydrochloride solution but not in Duponol PC solution because the 
SH groups of denatured egg albumin give a strong pink color with nitro 
prusside in guanidine hydrochlonde solution but only a negligible pink color 
in Duponol PC solution The femeyamde reduction can be earned out in 
guam dine hydrochlonde and urea solution as well as in Duponol PC solution 
but the estimation of the ferrocyamde formed as Prussian blue 13 less 
convenient than when the reaction is earned out in Duponol PC solution 
Various tests were earned out by Greenstein and myself to show that 
femeyamde and porphynndin under the conditions used react specifically 
and completely with the SH groups of denatured egg albumin Since no 
one of these tests is conclusive, the validity of the SH estimations has been 
tested by comparing the results obtained by different procedures 
SB Tttratums in Guanidine Hydrochlonde Solutions — In the porphynndin 
titration as onginally earned out (Greenstein, 1938) guanidine hydrochlo- 
nde is added to a neutral protein solution, the solution is allowed to 
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45 minutes, porphynndm is added to the protein denatured by the guanidine 
hydrochloride, and finally mtroprusside and ammonia are added to see 
whether enough porphyrinchn has been added to oxidize all the SH groups 

The new titrations m guanidine hydrochloride solution are earned out 
as follows To 0 5 cc of 2 per cent native egg alb umin or tobacco mosaic 
virus there are added 0 1 cc of neutral phosphate buffer, 0 5 cc of fem- 
cyamde, tetrathionate or ^-chloromercuribenzoate 1 solution, and 1 2 gm 
of guanidine hydrochlonde of tested punty 3 minutes later test is made 
for the abolition of the SH groups either by seemg whether the protem 
gives a mtroprusside test m the presence of dilute cyanide or by seemg 
whether the protem can still reduce femeyamde m Duponol PC solution 
The concentration of titrating agent is found which just suffices to abolish 
the SH groups 

The new titrations differ from the porphyrinchn titration m that different 
titrating agents are used, interference by impurities is minimized by using 
especially purified guanidine hydrochlonde, addmg the titrating agent 
before the guanidine hydrochlonde, and carrying out the mtroprusside 
test in the presence of cyanide, the femeyamde reduction test as well as the 
mtroprusside test is used to prove the abolition of SH groups, and the whole 
titration is earned out in the presence of phosphate buffer I shall now 
discuss the reasons for the changes which have been made 

In the new titrations ferricyamde, tetrathionate, and p chloromercunbenzoate are 
used as titrating agents instead of porphynndm The substitution of the femeyamde 
and tetrathionate for porphyrinchn makes the titration in guanidine hydrochlonde 
solution safer and much more convenient Poiphyrmdm is hard to prepare, unstable, 
and a dangerously strong oxidizing agent Although porphyrinchn reacts first with the 
SH groups of denatured egg albumin m guanidine hydrochloride solution it also in time 
reacts with other groups Femeyamde and tetrathionate are readily available and are 
weaker oxidizing agents than porphynndm 

The inclusion of mercunbenzoate as a titrating agent provides a good test for the 
SH specificity of the titration Whereas porphynndm, ferricyamde, and tetrathionate 
oxidize SH to S-S, mercunbenzoate combmes with but does not oxidize SH groups It 
is conceivable that the oxidizing agents might oxidize protem groups other than SH 
groups or that mercunbenzoate might combme with groups other than the SH groups 
The SH group, however, is the only protem group known to react with both oxidizing 
agents and heavy metal compounds 

Formaldehyde abolishes the SH groups of denatured egg albumin m guanidine hydro- 
chloride solution only if the formaldehyde is added m great excess Formaldehyde 
cannot, therefore, be used as a titrating agent 

The following observations show that some samples of guanidine hydrochlonde con- 
tain impunties which bring about the abolition of SH groups and so interfere with the 


1 ^-chloromercunbenzoate has been used as an SH reagent by Hellerman (1937, 1939) 
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nitropmwidc test and that this interference can be diminished by cyanide. 5 mg of 
denatured egg albumin gives a strong pink color with nltropmsude In guanidine hydro- 
chloride solution. I have found, however, that the pink color obtained is much stronger 
with some samples of commercial guanidine hydrochloride (Eastman or Hoffman La 
Roche) than with others When a guanidine hydrochloride is used which gives a weak 
color, then the color is weaker the more guanidine hydrochloride is used and the longer 
the denatured protein is allowed to stand in guanidine hydrochloride solution before 
the addition of nitroprusside. A sample of guanidine hydrochloride which gives a weak 
color gives a strong color if it is first reaystallixed If 1 drop of 0 1 N cyanide is added 
to the protein solution before the addition of guanidine hydrochloride, then a strong 
nitroprusside test is obtained with all samples of guanidine hydrochloride. Even when 
a strong nitroprusside test is obtained without cyanide, cyanide slows up the rate of 
fading of the pink color On the other band, the rate of fading can be enormously in 
creased by adding an amount of copper sulfate equivalent to only 10 per cent of the SH 
groups present. The results which have been summarized do not definitely prove bow 
the impurities in guanidine hydrochloride bring about the abolition of SH groups. 
They suggest, however, that the impurities are in part, at least, heavy metal compounds 
which catalyze the oxidation of the SH groups of denatured egg albumin by oxygen and 
that cyanide inhibits this oxidation of protein SH groups by oxygen by combining with 
the heavy metal impurities. It is known that heavy metal compounds can catalyze the 
oxidation of the SH of cysteine (references in Bernheim and Bemheim, 1939) and of 
denatured egg albumin (Rosenthal and Voegtlin 1933) by oxygen. 

The cyanide added to dimmish the effects of Impurities in the nitroprusside test is 
too small in amount to cause any appreciable reduction of S-S to SH. Cystine and 
denatured egg albumin whose SH groups have been oxidized to S~S groups do not give 
any color with nitroprusside in guanidine hydrochloride solution even when 1 drop of 
0 1 k cyanide is added. The ease with which the S-S groups of a denatured protein are 
reduced by cyanide vanes from protein to protein. 1 drop of 0 1 N cyanide is safe for 
those proteins which I have tried, but it may not be safe for all proteins. 

The following experiments show that impurities in guanidine hydrochloride reduce 
the amount of the ferricyanide needed to abolish the SH groups of denatured egg al 
bumin, and that the effect of Impurities is much less in the new titration procedure in 
which the titrating agent is added before the protein is denatured by guanidine hydro- 
chloride than in the old titration procedure in which the protein Is allowed to stand in 
guanidine hydrochloride solution before the addition of the titrating agent. When 
satisfactory guanidine hydrochloride is used the amount of fern cyanide needed to abolish 
the nitroprusside test is the same whether the fern cyanide is added before the addition 
of guanidine hydrochloride or 30 minutes after the addition of guanidine hydrochloride. 
With one poor sample of Eastman guanidine hydrochloride (not the worst), nine-tenths 
the normal amount of ferricyanide was required to abolish the nitroprusside test if the 
f cm cyanide was added before the addition of guanidine hydrochloride but onlj five- 
tenths the normal amount If the ferricyanide was added 30 minutes later 

The discrepancy between the amount of ferricyanide needed to abolish the SH groups 
of egg albumin when the ferricyanide Is added before the guanidine hydrochloride and 
when it is added 30 minutes after the guanidine hydrochloride can be used as a test for 
the punt} of the guanidine hydrochloride. When such a test is applied to commercial 
guanidine hydrochloride, usually, in my experience, the product is found to be unsatis- 
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45 minutes, porphynndm is added to the protein denatured by the guanidine 
hydrochloride, and finally mtroprusside and ammonia are added to see 
whether enough porphynndm has been added to oxidize all the SH groups 

The new titrations in guanidine hydrochlonde solution are carried out 
as follows To 0 5 cc of 2 per cent native egg albumin or tobacco mosaic 
virus there are added 0 1 cc of neutral phosphate buffer, 0 5 cc of fem- 
cyamde, tetrathionate or ^-chloromercunbenzoate 1 solution, and 1 2 gm 
of guanidine hydrochlonde of tested punty 3 minutes later test is made 
for the abohtion of the SH groups either by seeing whether the protem 
gives a mtroprusside test in the presence of dilute cyanide or by seemg 
whether the protem can still reduce ferncyamde in Duponol PC solution 
The concentration of titratmg agent is found which just suffices to abohsh 
the SH groups 

The new titrations differ from the porphynndm titration in that different 
titratmg agents are used , interference by impurities is minimized by using 
especially purified guanidine hydrochlonde, adding the titratmg agent 
before the guanidine hydrochlonde, and carrying out the mtroprusside 
test m the presence of cyamde, the ferncyamde reduction test as well as the 
mtroprusside test is used to prove the abohtion of SH groups, and the whole 
titration is earned out m the presence of phosphate buffer I shall now 
discuss the reasons for the changes which have been made 

In the new titrations ferncyamde, tetrathionate, and p chloromercuribenzoate are 
used as titratmg agents instead of porphynndm The substitution of the ferncyamde 
and tetrathionate for porphynndm makes the titration m guanidine hydrochlonde 
solution safer and much more convenient Porphynndm is hard to prepare, unstable, 
and a dangerously strong oxidizing agent Although porphynndm reacts first with the 
SH groups of denatured egg albumin in guanidine hydrochlonde solution it also in time 
reacts with other groups Ferncyamde and tetrathionate are readily available and are 
weaker oxidizing agents than porphynndm 

The inclusion of mercuribenzoate as a titratmg agent provides a good test for the 
SH specificity of the titration Whereas porphynndm, ferncyamde, and tetrathionate 
oxidize SH to S-S, mercunbenzoate combines with but does not oxidize SH groups It 
is conceivable that the oxidizing agents might oxidize protem groups other than SH 
groups or that mercunbenzoate might combme with groups other than the SH groups 
The SH group, however, is the only protem group known to react with both oxidizing 
agents and heavy metal compounds 

Formaldehyde abolishes the SH groups of denatured egg albumin in guanidine hydro- 
chloride solution only if the formaldehyde is added m great excess Formaldehyde 
cannot, therefore, be used as a titrating agent 

The following observations show that some samples of guanidine hydrochlonde con- 
tain impunties which bring about the abohtion of SH groups and so interfere with the 


1 /Mhloromercunbenzoate has been used as an SH reagent by Hellerman (1937, 1939) 
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nitroprusside test and that this interference can be dimmish ed by cyanide, 5 mg of 
denatured egg albumin gives a strong pink color with nitroprusside in guanidine hydro- 
chloride solution I have found, however, that the pink color obtained is much stronger 
with some samples of commercial guanidine hydrochloride (F^m t-m ^ n or Hoffman La 
Roche) than with others. When a guanidine hydrochloride is used which gives a weak 
color, then the color is weaker the more guanidine hydrochloride is used, and the longer 
the denatured proton Is allowed to stand in guanidine hydrochloride solution before 
the addition of nitroprusside A sample of guanidine hydrochloride which gives a weak 
color gives a strong color if it Is first recrystallized. If 1 drop of 0 1 N cyanide is added 
to the protein solution before the addition of guanidine hydrochloride, then a strong 
nitroprusside test is obtained with all samples of guanidine hydrochloride. Even when 
a strong nitroprusside teat is obtained without cyanide, cyanide slows up the rate of 
fading of the pink color On the other hand, the rate of fading can be enormously in 
creased by adding an amount of copper sulfate equivalent to only 10 per cent of the SH 
groups present. The results which have been summamed do not definitely prove how 
the impurities in guanidine hydrochloride bring about the abolition of SH groups 
The}’ suggest, however that the impurities are in part at least, heavy metal compounds 
which catalyze the oxidation of the SH groups of denatured egg albumin by oxygen and 
that cyanide inhibits this oxidation of protein SH groups by oxygen by combining with 
the heavy metal Impurities. It Is known that heavy metal compounds can catalyze the 
Oxidation of the SH of cysteine (references in Bernheim and Bemheim, 1939) and of 
denatured, egg albumin (Rosenthal and Voegthn 1933) by oxygen. 

The cyanide added to diminish the effects of impurities In the nitroprusside test is 
too small in amount to cause any appreciable reduction of S-S to SH. Cystine and 
denatured egg albumin whose SH groups have been oxidized to S-S groups do not give 
any color with nitroprusside in guanidine hydrochloride solution even when 1 drop of 
0 1 N cyanide is added. The ease with which the S-S groups of a denatured protein are 
reduced by cyanide varies from protein to protein. 1 drop of 0 1 N cyanide Is safe for 
those protons which I have tried, but it may not be safe for all proteins 

The following experiments show that impurities in guanidine hydrochloride reduce 
the amount of the fem cyanide needed to abolish the SH groups of denatured egg al 
bumin, and that the effect of impurities is much less m the new titration procedure in 
which the titrating agent is added before the proton is denatured by guanidine hydro- 
chloride in the old titration procedure in which the protein Is allowed to stand in 
guanidine hydrochloride solution before the addition of the titrating agent. When 
satisfactory guanidine hydrochloride is used the amount of fem cyanide needed to abolish 
the nitroprusside test is the same whether the fem cyanide is added before the addition 
of guanidine hydrochloride or 30 minutes after the addition of guanidine hydrochloride. 

With one poor sample of Eastman guanidine hydrochloride (not the worst), nine tenths 
the normal amount of fern cyanide was required to abolish the nitroprusside test If the 
ferri cyanide was added before the addition of guanidine hydrochlonde, but only five- 
tenths the normal amount if the fem cyanide was added 30 minutes later 

The discrepancy between the amount of fem cyanide needed to abolish the SH groups 
of egg albumin when the femcyanlde is added before the guanidine hydrochlonde and 
when It is added 30 minutes after the guanidine hydrochlonde can be used as a test for 
the purity of the guanidine hydrochloride. When such a test is applied to commercial ^ 

guanidine hydrochlonde, usually, In my experience the product is J be 
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factory Guanidine hydrochloride cannot be purified by reciystalhzation without great 
loss I have therefore found conditions for the effective and economical purification of 
guanidine carbonate Guanidine hydrochloride prepared from purified guanidine car- 
bonate is satisfactory for SH titrations 

Greenstem (1938) found that the SH groups of his egg albumin were stable in neutral 
guanidine hydrochloride solution His sample of guanidine hydrochloride was therefore 
satisfactory 

Although one can always make sure that one has pure guanidine hydrochloride and 
pure egg albumin, not all proteins can readily be obtained m as pure a state as egg al- 
bumin With some proteins it is particularly important to have a titration procedure 
like the present one which minimizes the effects of impurities and to carry out tests for 
the presence of impurities The origin of the present detailed experiments with guan- 
idine hydrochloride, m fact, was my inability to obtain a constant value for the SH 
content of tobacco mosaic virus when different samples of guanidine hydrochloride and 
virus were used 

The same titration value is obtained if the mtroprusside test on the albumin treated 
with the titrating agent is earned out almost immediately after the addition of the 
titrating agent and the guanidine hydrochloride or 30 minutes after the addition of the 
titrating agent and guanidine hydrochloride The waiting has therefore been eliminated 
and the time needed for the titration very much shortened 

Instead of using the disappearance of the mtroprusside test as an indication that all 
the SH groups have been abolished one can use the failure to reduce femeyanide After 
the titrating agent and guanidine hydrochloride have been added to the protein, the 
protein is precipitated and washed with trichloracetic acid, the precipitate is dissolved 
in neutral Duponol PC solution, femeyanide is added, and a test is made for ferrocyanide 
tf either the mtroprusside test or the femeyanide test for SH were insensitive or not 
specific for SH then different titration values would be obtained by using these two very 
different SH tests for the end point Since the mtroprusside test is more convenient 
than the femeyanide reduction test if the titration is earned out in guanidine hydrochlo- 
nde solution, the femeyanide reduction test is used not as a routine procedure but only 
as a check on the validity of the titrations 

The whole SH titration is in all cases earned out m a neutral solution buffered with 
phosphate Phosphate establishes a reproducible pH In the absence of phosphate, 
furthermore, a pink color is formed immediately on the addition of mtroprusside to a 
neutral or even slightly 1 acid guanidine hydrochlonde solution of denatured protein and 
the color becomes stronger on the subsequent addition of ammonia Phosphate con- 
veniently prevents the formation and fading of the pink color before the addition of 
ammonia 

Cyanide must not be present during the titrations with femeyanide or 
mercuribenzoate despite the fact that it is desirable to have cyanide present 
during the mtroprusside test For cyanide combines with mercuribenzoate 
and inhibits the oxidation of protein SH groups by femeyanide The 
mechanism of this inhibition has not been studied It is possible that the 
oxidation of protein SH groups by femeyanide is catalyzed by heavy metal 
impurities which combine with cyanide Dilute cyanide does not prevent 
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the oxidation of the SH groups of denatured egg albumin in neutral 
guanidine hydrochloride solution by tetrathionate (Since submitting this 
paper I have found that cyanide inhibits almost completely the oxidation 
of SH groups by femcyamde, tetrathionate, and the unc acid reagent pro- 
vided the concentration of cyanide is high enough and that copper and 
zinc ions promote these oxidations ) 

In agreement with the results previously obtained by the porphynndm 
titration method the equivalent of 1 cc of 0 001 u femcyamde, tetrathio- 
nate, or mercunbenzoate is needed to abolish the SH groups of 10 mg 
denatured egg albumin in guanidine hydrochloride solution whether the 
abolition of the mtroprusside test or the failure to reduce femcyamde is 
used as an end point It should be emphasized that the agreement between 
the new titrations and the porphynndm titration m its original for m exists 
only when the samples of protein and guanidine hydrochlonde used happen 
to be free of impunties which interfere with the original titration method 
much more than they do with the new methods 

Rate and Completeness of SH Reactions in Neutral Guanidine Hydrochlonde 
Solution —As we have seen, if 1 cc of 0 001 u femcyamde, tetrathionate, 
or mercunbenzoate is added to 10 mg of denatured egg albumin m neutral 
solution and ammonia and mtroprusside arc added 3 minutes later, no 
pink color is obtained The question arises, does the SH reagent react 
with the protein SH groups m the neutral solution, or after the addition of 
ammonia, or is the colored compound of the mtroprusside test formed but 
destroyed by the SH reagent before it can be observed? Femcyamde and 
mercunbenzoate can rapidly destroy the color formed in the mtroprusside 
reaction The experiments designed to answer tlm question show that the 
abolition of the SH groups in neutral solution by femcyamde and mercun 
benzoate is completed in 3 minutes but that part of the tetrathionate rcac 
tion takes place after the addition of ammonia 

The following experiment! show that the oxidation of the SH groups by ferricyanide 
takes place in the neutral solution. After the addition of the femcyanlde to the neutral 
proton solution the solution Is colorless, indication of reduction of the brown femcyanlde 
to the colorless ferTocyanlde. If the protein which has been treated with ferricyanide 
a precipitated and washed with trichloracetic and, a protein precipitate is obtained 
which U free of ferricyanide and baa been exposed to femcyanlde m neutral but not m 
alkaline solution. The SH groups of this protdn have been abolished. The protein 
gives no nltroprusslde test when dissolved tn guanidine hydrochlonde solution and does 
not reduce femcyanlde in neutral Huponol PC solution 

Further experiments show that tetrathionate, like ferricyanide, can ondixe all the 
SH groups of denatured egg albumin in neutral solution but that the oxidation by tetr* 
thionate Is slower than the oxidation by femcyamde and so Is not >~kjTunmes. 
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The trichloracetic acid precipitate of the albumin treated for 3 minutes with tetrathionat 
m neutral guanidine hydrochloride solution still gives a moderately strong nitroprussidi 
test in guanidine hydrochloride solution and reduces about half as much femcyamde 11 
Duponol solution as untreated albumin Since no nitroprusside test is obtained 1 
ammonia and nitroprusside are added directly after 3 minutes, part of the tetrathionati 
reaction responsible for the abolition of the nitroprusside test must take place after th< 
addition of ammonia If the tetrathionate is allowed to stand 30 minutes in the neutra. 
guanidine hydrochloride solution before the addition of trichloracetic acid, then it i: 
found that the SH groups have all been abolished by the reaction m neutral solution 

Finally, the evidence that mercuribenzoate combines with the SH groups of denatured 
egg albumm m neutral guanidine hydrochloride solution If first 1 cc of 0 001 ii mer- 
curibenzoate and then 1 cc of 0 001 ar femcyamde are added to 10 mg of denatured egg 
albumm m neutral guanidine solution, the brown color of the femcyamde persists Ii 
the mercuribenzoate had not combined with and protected the SH groups, the fem- 
cyamde would have been reduced to colorless ferrocyamde When mercuribenzoate 
combines with SH groups of urease it similarly protects them from oxidation by por- 
phynndin (Hellerman, 1939) 

The compound between mercuribenzoate and the SH groups of denatured egg albumm 
in neutral guanidine hydrochloride solution is dissociated by trichloracetic acid If 
denatured egg albumin which has combined with mercuribenzoate is precipitated with 
trichloracetic acid and dissolved again with guanidine hydrochloride it gives about as 
strong a nitroprusside test as egg albumm which has never been exposed to mercun- 
benzoate 

Measurement of Femcyamde Reduction m Guanidine Hydrochloride and 
Urea Solution — 1 cc of 0 001 M ferrocyamde is formed when femcyamde 
is reduced by 10 mg of denatured egg albumm m Duponol PC solution 
(Anson, 1940 a) or, as in the present experiments, m guanidine hydro- 
chloride or urea solution The amount of ferrocyamde formed is within 
wide limits independent of the femcyamde concentration 

The estimation of SH groups by femcyamde reduction is more convenient in Du- 
ponol PC than in guanidine hydrochloride or urea solution Duponol PC, unlike guani- 
dine hydrochloride and urea, prevents the precipitation of denatured egg albumin by 
the acid feme sulfate added for the estimation of ferrocyamde as Prussian blue Du- 
ponol PC interferes with the development of Prussian blue less than guanidine hydro- 
chloride and in neutral solution denatures egg albumm more rapidly than urea 

Denaturation in neutral urea solution is slow and egg albumm loses some of its SH 
groups on standing in neutral urea solution if ordinary commercial urea is used and the 
urea solution does not contain cyanide In the present experiments, therefore, de- 
naturation by urea is brought about in acid solution in which denaturation is rapid and 
SH groups are more stable When the acid urea solution containing 10 mg of denatured 
egg albumm is neutralized, 1 cc of 0 001 m femcyamde is added 1 cc of 0 001 M 
ferrocyamde is formed and the protein when precipitated with trichloracetic a ad and 
redissolvcd with guanidine hydrochloride gives no nitroprusside test The nitroprusside 
test of untreated egg alb umin in guanidine hydrochloride solution is much more intense 
than the test m urea solution 
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I have not been able to confirm the conclusion of G recast ein (1938) that urea ‘Tiber 
ates” fewer SH groups from egg albumin than guanidine hydrochloride. Even if 1 cc. 
of 0 001 u f cm cyanide and urea are added to a neutral solution of 10 mg of egg albumin 
which has not been treated with acid, the protein after bong precipitated by trichloracetic 
acid no longer gi\es a pint color with nitroprusside in guanidine hydrochloride solution. 

As will be described elsewhere, the SH groups of egg albumin can be estimated by the 
blue color given with the unc aad reagent, the SH value bong the same as that obtained 
by the present methods. When unhydrolyzed albumin Is used the reaction is carried 
out in urea solution. When albumin partially hydrolyzed by pepsin or aad Is used, the 
presence of urea is not necessary 

Urea promotes the oxidation not only of the SH groups of denatured egg albumm but 
also the oxidation of free cysteine, tyrosine and tryptophane Partial hydrolysis 
“activates” not only SH groups but the few other protein groups I have tried 

SH Titrations in Duponol PC Solution — In neutral Duponol PC solution 
aa in neutral guanidine hydrochloride solution 1 cc, of 0 001 u femcyarude, 
tetrathionate, or mercuribenzoate is required to abolish the SH groups of 
10 mg of denatured egg albumin 

After the SH groups of denatured egg albumm have been abolished by 
femcyamde or tetrathionate, the protein when precipitated by tnchlora 
cebc aad and redissolved in guanidine hydrochloride solution no longer 
gives a nitroprusside test As in guanidine hydrochloride solution, the 
femcyamde reaction is more rapid than the tetrathionate reaction and 
cyanide interferes with the femcyamde reaction but not with the tetra 
thionate reaction 

After mercuribenzoate has combined with all the SH groups of denatured 
egg albumm in neutral Duponol PC solution the protein no longer reduces 
dilute femcyamde Thus when the SH estimation ib carried out m Duponol 
PC solution as when it is earned out in guanidine hydrochlonde solution, 
it is possible to titrate the SH groups with both an oxidizing agent and a 
heavy metal compound and to use both the nitroprusside reaction and the 
femeyanide reduction as tests for the abolition of the SH groups. 

The femcyamde reduction test should not be used after the tetrathionate 
reaction because the decomposition products formed from tetrathionate in 
aad solution reduce femcyamde The nitroprusside test should not be 
used after the mercunbenxoate reaction because trichloracetic add disso- 
ciates the compound between mercuribenzoate and SH 

The Reactions oj Iodine and Native Egg AUmmm —Despite the fact that 
native egg albumin doe3 not react with nitroprusside, femcyamde, or por- 
phyrmdm, all the SH groups of egg albumm can be abolished by reaction 
of the native form of the protein with iodine Native egg albumm which 
has reacted with iodine no longer gives a nitroprusside test when denatured 
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nor does it reduce ferricyamde in Duponol PC solution (Anson, 1940 a) 
I have now studied the reactions between iodine and neutral native egg 
albumin in somewhat more detail, mainly m order to compare the egg 
albumin reactions with the reactions between neutral native tobacco mosaic 
virus and iodine, which will be described elsewhere 

By adding lodme in acid solution it is possible to oxidize the SH groups 
of native egg albumin without converting the tyrosme groups into di-iodo- 
tyrosme groups lodme abolishes the SH groups of native egg albumin 
even at pH 3 2 (Anson, 1940 a) At pH 3 2 iodine does not react with free 
tyrosme, or with the proteins pepsin (Hernott, 1937), and chymotrypsi- 
nogen (Anson, 1940) which contam tyrosine but not cysteine The present 
experiments show that it is also possible in neutral solution to oxidize the 
SH groups of native egg albumin without converting many tyrosme groups 
to di-iodotyrosme groups or oxidizing many of the SH groups beyond the 
S-S stage 

If 1 3 cc of 0 001 N iodine is added to 10 mg of native egg albumin at 0°C , all the 
iodine is absorbed as shown by a negative starch test All the SH groups arc abolished 
as shown by a negative mtroprusside test m guanidine hydrochloride solution Theo- 
retically it takes 1 cc of 0 001 N iodine to oxidize the SH of 10 mg of egg albumin to 
S-S The excess 0 3 cc of 0 001 N iodine actually added is not sufficient to cause much 
further oxidation of the sulfur groups to RSOH, RSO;H, or RSOjH, or to convert many 
tyrosme groups into di-iodotyrosinc groups The 10 mg of egg albumin treated with 
1 3 cc of 0 001 N iodine still gives a strong mtroprusside test m guanidine hydrochloride 
solution, if the protein is exposed to strong cyanide m alkaline guanidine hydrochloride 
solution before the addition of mtroprusside, indicating S-S groups which are reduced to 
SH by alkaline cyanide The 10 mg of egg albumin which has absorbed 1 3 cc of 0 001 N 
iodine still gives a strong purple color when boiled with Millon’s reagent Free di- 
lodotyrosme (Vaubel, 1900) and, as Harrington and Neubcrger (1936) have shown, 
insulin whose tyrosine groups have been lodmatcd do not give a color with Millon’s 
reagent 

Since submitting this paper I have found conditions under which the absorption of 
only 1 cc of 0 001 N iodine by 10 mg of native egg albumin bnngsabout thcnbohtion 
of the mtroprusside test m guanidine hydrochloride solution 

If in. the reaction between native egg albumin and iodine, the concentra- 
tion of iodine and the time and temperature of the reaction are high enough, 
then all the SH and S-S groups are oxidized beyond the S-S stage, as shown 
by a negative cyamde-mtroprusside test, and all the tyrosme groups are 
converted into di-iodotyrosme groups, as shown by a negative Millon 
test The conditions for abolishing the cyanide-nitroprusside test are 
roughly the same as those for abolishing the Millon test 

I have not done any experiments to find out whether the iodine added to 
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native egg albumin reacts with any groups other than the SH and tyrosine 
groups 

Egg albu min whose SH groups have been abolished by iodine does not 
abolish the SH groups of untreated egg albumin m neutral guanidine hydro- 
chloride solution. 

Reactions of p-Chloromcrcnnbenzoatc with Cysteine and Native Egg 
Albumin —In this section it will be shown that mercunbenzoate combines 
with native egg albumin either not at all or at least much more loosely than 
it combines with cysteine or with the cysteme in denatured egg albumin 

I have found that the compound between cysteme and mercunbenzoate, 
like the compound between cysteme and aldehyde (Schubert, 1936) and the 
cysteme in native egg albumin, 5 does not give a mtropmsside test or reduce 
femeyanide but does reduce iodine Thus the mtroprusside and fem 
cyanide tests cannot be used to find out whether mercunbenzoate has com 
bined with the SH groups of native egg albumin because these groups do 
not react with mtroprusside and femeyanide even when they are not 
combined with mercunbenzoate On the other hand, the iodine reaction 
cannot be used either because SH reduces iodine even when it is combined 
with mercunbenzoate I have accordingly used an indirect procedure 
involving the addition of free cysteine If mercunbenzoate added to egg 
albumin is tightly bound to the protein, it cannot combine with added 
cysteme and the added cysteme is then free to reduce femeyanide 

If first 1 cc. of 0 001 M cysteine and then 1 cc. of 0 0Q1 k femeyanide are added to 
10 mg of other native egg albumin or to denatured egg albumin In Duponol PC solu 
tlon, the femeyanide is reduced by the cysteine. In the absence of cysteine, native egg 
albumin does not reduce feni cyanide under any conditions and denatured egg albumin 
does not reduce femeyanide under the conditions used, namely low temperature, d3ute 
femeyanide, and short time of reaction 

If 1 cc. of 0 001 u mercuribenxoate is added to the native albumin before the addition 
of cysteine and femeyanide, the femeyanide is not reduced. This shows that the era- 
tone has combined with the mercuribenxoate. Either the mercuribenxoate does not 
combine with the native protein or it is rapidly withdrawn from its combination by the 
addition of cysteme. In contrast, if the mercuribenxoate is added to denatured egg 
albumm before the addition of cysteine and ferri cyanide, the femeyanide is reduced. 
Mercuribenxoate remains attached to the SH groups of denatured egg albumin for a 
short time at least, even if cysteine b added. 

SH Groups and Protein Structure — The present results and indeed all the 
work on the SH groups of egg albumin and other proteins show that a 

5 1 do not mean to suggest that the SH tn native egg albumin is linked to aldehyde or 
heavy metal or in any other way It seema to me more likely on the basis of the present 
inconclusive evidence that the SH groups of native egg albumm are not linked. 
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reagent which reacts with the SH groups of free cysteine may or may not 
react with cysteine bound m a protein Whether or not the reaction takes 
place depends on what SH reagents and proteins are used, on the concentra- 
tion of these substances and the time, temperature, and pH of the reaction, 
on whether the protem is native or denatured, on whether the solution 
of denatured protem contains substances such as guanidine hydrochloride 
or Duponol PC, and on whether the solution contains catalysts such as zinc 
and copper salts or inhibitors such as cyanide 

It would, of course, be desirable to be able to explam the now rather 
extensive experimental results m terms of some theory of protem structure 
The facts, however, although they lead to vague general conclusions about 
the structural changes involved m denaturation, do not as yet provide proof 
of any definite, detailed picture of the structural relationships of SH groups 
in native and denatured proteins A prion, a protem SH group may fail 
to react with an SH reagent because the protem SH group is inaccessible, 
or bound, or made unreactive by neighboring protem structure A priori, 
several of these factors may operate at once, or one factor may be decisive 
under one set of conditions, another factor decisive under a different set 
of conditions As more facts accumulate the arbitrary assumptions which 
can be made in connection with the three lands of structural theories become 
more and more restricted 

It should be remembered that in some proteins S-S (Walker, 1925) and 
tyrosme (Mirsky and Anson, 1936) groups which are not detectable in the 
native protem are detectable by the same tests m the denatured form of the 
protem The problem of how denaturation and other changes m protein 
structure produce changes m the properties of protem groups is not peculiar 
to SH groups 

It should also be remembered that the SH groups of cysteme are more 
readily oxidized in neutral than m acid solution and that the SH groups of 
cysteme are more readily oxidized than the SH groups of glutathione 
(Anson, 1939) Thus molecular structure can greatly influence the proper- 
ties of SH groups even m relatively simple SH compounds 

EXPERIMENTAL 

Reagents — Egg albumin is thrice recrystal lized with ammonium sulfate, dialyzed, 
and stored frozen 

Duponol PC (Du Pont) is stored at room temperature as a filtered 10 per cent stock 
solution 

A 5 per cent solution of ground sodium mtroprusside is made fresh daily and stored 
in ice water Nitroprusside dissolves slowly unless it is first ground 

The phosphate buffer consists of equal parts of 1 0 u Na 2 HPOi and NaHjPOi 
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For the femcyamde titration reagent grade potassium fern cyanide is used. When 
the amount of ferrocyanide formed from femcyamde is measured either a correction is 
made for the ferrocyanide present in commercial fem cyanide or the ferrocyanide is 
removed by oxidation with bromine (Anson, 1939) Bromine In addition to oxidizing 
ferrocyanide to fem cyanide also brings about some other reactions which result in 
darkening of the solution. This darkening Is greater in the original procedure in which 
the bromine U added step-wise than m the following simpler procedure in which the 
bromine is added in dilute solution all at once, and in excess. 0 6 u ferricyamde is made 
up and centrifuged to remove insoluble matter The ferrocyanide impurity is estimated, 
by adding to 2 cc. ferricyanide solution 7 cc. of water, 0,5 cc. of 2 n sulftmc acid and 
0.5 cc. of ferric sulfate solution. The amount of red light absorbed by the Prussian blue 
formed is compared with the red light absorbed by a known amount of ferrocyanide in 
the absence of femcyamde. Saturated bromine water is diluted 75 times with water 
and assumed to be 0 005 n which allows for a 10 per cent loss on dilution If it is de- 
sired to know the concentration of bromine in the dilute solution accurately, an excess 
of iodide is added to a sample and the iodine liberated by bromine is titrated with thio- 
sulfate. Twice the amount of bromine theoretically needed to oxidize the ferrocyanide 
present is added to the femcyamde solution and water is added to make the femeyanide 
0 4 m. After the solution has stood 20 minutes the excess bromine is removed by aera 
tion and the solution la allowed to stand overnight before being used. The purified 
femevanide is stored in the cold in a dark bottle Since in the course of months ferro- 
cyanide forms in the femeyanide solution the femcyamde solution is occasionally tested 
for ferrocyanide with ferric sulfate. 

Feme sulfate containing gum ghatti is prepared according to Folin and Malmros 
(1929) 

A stock 0 1 u thiosulfate solution containing 0 1 gm. sodium carbonate per liter is 
standardized with the iodine formed by the reaction between iodide and lodate (Peters 
and Van Slyke, 1932) 

The stock 0 1 iodine solution contains 0 18 if KL The stock 0 1 N iodine previously 
used (Anson 1940a) contained only 0 12 KJ and lost some iodine on dilution with 
water The iodine solution is first made up roughly and then titrated with thiosulfate. 

Tetrathicroate is formed by adding just enough thiosulfate to iodine to abolish the 
starch test. It is made up just before being used 

^-chloromercuribenzoic add is prepared according to the directions of Whitmore and 
Woodward (1932) and dissolved as the sodium salt. The solution is stable for a few 
days at least If stored frozen *Itm indebted to Dr Leslie Hellerznan for the mercun- 
benzoic add. 

The guanidine hydrochloride used in the present experiments waa a satisfactory batch 
of the Eastman product Since guanidine hydrochloride is very hygroscopic it is first 
dried in a desiccator, then distributed in a number of s m al l containers which are tightly 
stoppered, and stored in the cold or in some dry atmosphere. 

Most samples of the commercial guanidine hydrochloride have not proved satis- 
factory Good guanidine hydrochloride should dissolve In an equal weight of water to 
give a clear and colorless solution The color given with egg albumin and nltropruixide 
in guanidine hydrochloride solution should be the same as when guanidine hydrochloride 
recrystallized from water fa used and should not be Increased if 1 W cy n t 

present The rate of fading of the color should not be much gre-t 
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with recrystallized guanidine hydrochloride Letting the albumin stand in neutral 
guanidine hydrochloride solution for 30 minutes before the addition of nitroprusside 
should not decrease the color obtained when nitroprusside is added The sameamount 
of femcyamde should be required to abolish the nitroprusside test of denatured egg 
albumin in guanidine hydrochloride solution whether the femcyamde is added before 
or 30 minutes after the addition of guanidine hj^drochlonde Details of the nitroprusside 
test and the femcyamde titration are given m later sections 

Guanidine hydrochloride can be recrystallized from water with a yield of 21 percent 
This recrystallization is used to obtam a good product for comparative purposes, not to 
prepare the bulk of guanidine hydrochloride used 20 gm of guanidine hydrochloride 
are dissolved m 16 cc of water at 50°C The solution is cooled in salt ice water and the 
guanidine hydrochloride is filtered off in the cold on a pre-cooled Buchner funnel After 
the filter cake has been sucked and pressed as dry as possible it is placed m a desiccator 

As much as 5 gm of guanidine hydrochloride can be dissolved in 1 cc of water at 
100°C On cooling, however, too thick a suspension of solid is obtained for purification 
purposes 

Recrystallization from 80 per cent alcohol gives a 55 per cent yield and always im- 
proves the product A completely satisfactory product is obtained from a single re- 
crystallization, however, only if the original amount of impurities is not too great 
20 gm of guanidine hydrochloride are dissolved m 11 4 cc of 80 per cent alcohol at 
100°C The solution is brought about as quickly as possible, since guanidine hydro- 
chloride gradually changes into a water-insoluble material at high temperatures The 
solution is cooled and filtered as before, washed with cold absolute alcohol, and dried in 
a vacuum desiccator over NaOH 

Satisfactory guanidine hydrochloride can be prepared from purified guanidine car- 
bonate Guanidine carbonate is not hygroscopic and it is much less soluble than the 
hydrochloride 

First, guanidine carbonate (American Cyanamid) is stirred up with twice its weight 
of water and filtered If the first part of the filtrate is not perfectly clear it is refiltered 
An equal volume of 95 per cent alcohol is added to the filtrate with mechanical stirring 
The resulting suspension is cooled to 0°C , filtered in the cold on a Buchner funnel, 
washed with cold 95 per cent alcohol, and sucked and pressed as dry as possible Con- 
centrated hydrochloric acid is added to the sohd carbonate first with hand stirring and 
when the suspension becomes fluid with mechanical stirring When the fizzing on the 
addition of a drop of acid becomes weak, 1 0 N hydrochloric acid is added to complete 
the neutralization to green to brom thymol blue 1 or 2 cc of water are added to a drop 
of guanidine hydrochloride solution before the indicator test The solution should 
remam green to the indicator even after continued stirring since the carbon dioxide 
formed is not removed immediately The solution is allowed to stand in the cold for a 
few hours, filtered to remove a small amount of brown precipitate, kept at 50°C m a 
vacuum oven for 24 hours, and finally dried completely in a vacuum desiccator During 
the drying the material is stirred occasionally to break up the caking 

Since guanidine carbonate is not stable indefinitely at 50°C if the amount of solution 
being dried is too great to be bandied by the vacuum oven in 24 hours, either the solution 
is evaporated m successive small portions or the solution is first evaporated to a thick 
suspension on an electnc hot plate The solution heated on the hot plate is placed in a 
Pyrex Top of the Oven frying pan, is stirred with an L shaped glass stirrer, and a blast 
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of air from a strong fan is directed on the solution. Under these conditions rapid evapo- 
ration takes place without the temperature going above 50°C or daring most of the 
evaporation above 37°C This procedure is extraordinarily simple and effective. 

The NUroprtastde Test — The mtroprusside test in guanidine hydrochloride solution 
is earned out as follows To 0.5 cc. of 1 or 2 per cent egg albumin there are added 2 
drops of neutral 1 0 li phosphate, and 07 gm guanidine hydrochloride The tube 
containing the solution is placed m 37°C water for 2-3 minutes and then in ice water 
After the solution has been cooled, there are added 1 drop of 5 per cent sodium nitro- 
prussidc and 1 drop of 27 per cent ammonia. Oh cc of 2 per cent egg albumin gives, 
within a third, as strong a color as Oh cc. of 0 002 u cysteine The conditions for a 
quantitative mtroprusside test have not been worked out. 

A little cyanide can be added to combine with traces of heavy metal compounds 
1 drop of 0 1 n KCN or NaCN is added before the addition of guanidine No mtro- 
prusside test is obtained In the presence of this small amount of cyanide with cystine or 
egg albumin whose SH groups have been oxidized to S-S groups by the addition of ferri 
cyanide in guanidine hydrochloride solution, as described in a later section. 

The S-S form of egg albumin gives a mtroprusside test when strong cyanide is added 
which can reduce S-S to SH. To a guanidine hydrochloride solution of the S-S protein, 
1 drop of 2 n NaCN and 1 drop of ammonia are added, the solution is allowed to stand 
5 minutes at room temperature and is then cooled in ice water On the addition of 1 
drop of nitropnisside a pink color is obtained. 

If the nitropnisside test described in the first paragraph of this section is earned out 
in a solution of denatured egg albumin containing urea instead of guanidine hydrochloride 
the color obtained is much less intense than If guanidine hydrochloride is used. 

If egg albumin Is denatured by trichloracetic add or Dupanol PC and no guanidine 
hydrochloride or urea is present then only a negligible weak pink color is obtained on the 
addition of mtroprusside and ammonia If the ammonia cal solution of egg albumin 
denatured by trichloracetic add or Duponol PC is saturated with ammonium sulfate, 
the protein is precipitated and this precipitate gives a faint pink color with mtroprusside. 
This faint pink color is much intensified on the further addition of solid guanidine hydro- 
chloride or solid thiocyanate 

Til rations in Guanidine Hydrochloride Solution , — First the standard titration proce- 
dure. To 0.5 cc. of 2 per cent egg albumin there are added 0 1 cc. of buffer solution 
containing equal parts of 1 0 u NajHPO* and 1 0 u NaHjPCh 0.5 cc. of 0 002 u ferri 
cyanide, tetrathlonate, or mercuribenzoate and 1.2 gm of guanidine hydrochloride of 
tested purity The solution is placed In 37*C- water for 3 minutes and cooled in ice 
water Then 1 drop of 5 per cent nitropnisside and 1 drop of 27 per cent ammonia are 
added. No pink color is observed. If 1 drop of 0 1 N NaCN is added before the mtro- 
prusside, still no pink color is obtained. If 05 cc. of 0.0018 u femcyanlde, tetrathlonate, 
or mercuribenzoate Is added, then a weak pink is obtained about equal to that obtained 
from 05 cc. of 0.2 per cent albumin to which no SH reagent has been added. 

If 05 cc. of 0 002 u f cm cyanide or mercuribenzoate is used no nitropnisside test is 
ob tamed whether the mtroprusside test Is carried out as quickly as possible after the 
solution of the guanidine and cooling of the solution or after the solution containing 
protein ferri cyanide and guanidine has stood 30 minutes at 37®C If 05 cc. of 0 0018 if 
ferri cyanide or mercuribenzoate is used a small mtroprusside test b obtained whether the 
test b carried out as soon as possible or after 30 minutes. 
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If the guanidine hydrochloride used is free of impurities which bring about the aboli- 
tion of SH groups, the ferricyamde can be added 30 minutes after the guanidine hydro- 
chloride without any change in the amount of femcyamde needed to abolish the mtro- 
prusside test To 0 5 cc of protein solution plus 0 1 cc of phosphate buffer there is 
added 0 7 gm of guanidine hydrochloride The solution is allowed to stand 30 minutes 
at 37°C , 0 5 cc of femcyamde is added, the solution is allowed to stand 3 minutes more 
at 37°C before being cooled in ice water Finally 1 drop of mtroprusside and 1 drop of 
ammonia are added to find out whether the SH groups have all been oxidized 

The standard titration can be earned out with 0 5 cc of 0 4 per cent egg albumin 
instead of 0 5 cc of 2 per cent egg albumin The less protein is used, the weaker the 
mtroprusside test given when only 10 per cent of the SH groups survive Instead of 
titrating a dilute solution, one can concentrate the protein A volume of egg albumin 
solution containing 10 mg of protein is diluted to 9 cc with water and 1 cc of 2 0 N 
trichloracetic acid is added The precipitate is centrifuged down and dissolved with the 
minimum amount of 0 5 N sodium hydroxide and the resulting solution is diluted to ap- 
proximately 0 5 cc with water Then buffer, titrating agent, and guanidine hydro- 
chloride are added as in the standard procedure 

Formaldehyde cannot be used as a titrating agent because it abohshes the protein 
SH groups only when added m excess If 0 5 cc of 0 004 m formaldehyde is added to 
the 0 5 cc of 2 per cent egg albumin before the guanidine under the standard titration 
conditions, a strong positive mtroprusside is obtained If 0 5 cc of 38 per cent formal- 
dehyde is added, only a slight flash of pink is observed 

Effect of Cyanide on Titrations — The femcyamde titration cannot be earned out in 
the presence of cyanide because cyanide in some way inhibits the reduction of fem- 
cyamde by denatured egg albumin, as shown by the following experiment 1 drop of 
0 1 n NaCN is added to the protein solution before the addition of phosphate, fem- 
cyamde, and guanidine A strong mtroprusside test is obtained although in the absence 
of cyanide the mtroprusside test would be negative 

Although concentrated femcyamde oxidizes cyanide slowly, under the conditions 
of the experiments just described no ferrocyamde is formed from femcyamde by a 
cyanide-guanidine hydrochloride-phosphate solution which does not contam protein 
0 5 cc of 0 002 xr free cysteine in a guanidine hydrochlonde-phosphate solution re- 
duces femcyamde m the presence as well as m the absence of 1 drop of 0 1 N NaCN 
In the presence of the cyanide, however, the disappearance of the brown femcyamde 
color is slow enough to be observed In the absence of cyanide the disappearance of 
the brown color takes place instantaneously so far as the eye can tell 

Just as 10 mg of denatured egg albumin in guanidine hydrochloride solution still 
gives a mtroprusside test after being treated with 0 5 cc of 0 002 m femcyamde m the 
presence of 1 drop of 0 1 N cyanide, so a strong mtroprusside is also obtained after treat- 
ment of 10 mg denatured egg albumin with 0 5 cc of 0 002 ii mercunbenzoate in the 
presence of cyanide Presumably cyanide combines with the heavy metal in mercun- 
benzoate and so prevents the mercunbenzoate from combining with SH groups In 
contrast, 0 5 cc of 0 002 m tetrathionate abohshes the mtroprusside test m the presence 
as well as in the absence of 1 drop of 0 1 N cyanide 

Tests for Completeness of SH Reactions in Neutral Guanidine Hydrochloride Solution 
The following senes of experiments was designed to find out whether the abobtion of the 
SH groups by the SH reagents takes place entirely in the 3 minute reaction in neutral 


U. L, ANSON 


415 


solution, or -whether part of the abolition of SH groups takes place after amm onia is 
added for the rutroprusside test. 

Af ter the protein and titrating agent have been in the neutral guanidine hydrochloride 
solution for 3 minutes at 37*C under the conditions of the standard titration water is 
added to 9 cc. and then 1 cc. of 2 0 N trichloracetic add. The precipitate is centrifuged, 
washed with 0.2 n trichloracetic sad, and centrifuged again. Water is added to the 
precipitate to make the volume approximately 1 cc. (previously marked on the tube) 
and the precipitate is dissolved with 1 gm. of guanidine hydrochloride and cooled in ice 
water Then rutroprusside and ammonia are added The protein treated with ferri 
cyanide for 3 minutes gives no mtropmsside test, the protein treated with tetrathionate 
a moderate^ strong test, the protein treated with mercuribenzoate about as strong a test 
as untreated protein. The experiments are repeated, trichloracetic being added after 
tetrathionate and mercuribenzoate have stood in the neutral protein- guanidine solution 
for 30 minutes instead of 3 minutes. This tune the protein treated with tetrathionate 
gives no mtropmsside test (even if 1 drop of 0 1 N cyanide is present during the tetra 
thionate reaction) but the protein treated with mercuribenzoate itlD gives as strong a 
test as before. Thus the reaction between fern cyanide and the SH groups of denatured 
egg albumin in neutral guanidine solution (before the addition of ammonia) is completed 
in 3 minutes, whereas the reaction with tetrathionate is completed in 30 minutes but not 
in 3 minutes. 

The fact that the tnchloracctic aad precipitate of albumin treated with mercuriben 
zoate gives a nitroprussidc test shows that the compound between mercuribenzoate and 
the protein SH groups must be dissociated by trichloracetic aad, for the following ex 
penment shows that mercuribenzoate actually does combine with the SH groups of 
denatured egg albumin m neutral solution. After the pro tern solution containing guani 
dine hydrochloride and mercuribenzoate has stood 3 minutes 2 drops of 0 01 si fern- 
cyanide are added. The protein after bong precipitated and washed with trichloracetic 
aad still gives a strong nitroprusside test in guanidine solution. If mercuribenzoate 
Is omitted the mtroprusside test is abolished by fern cyanide. Thus mercuribenzoate 
prevents the oxidation of the SH groups by fern cyanide in neutral guanidine: solution. 

Fcmcyonidc Reduction Tutjor SH Groups — The SH groups of the trichloracetic add 
predpitate of protein treated with femeyamde or tetrathionate in guanidine hydro- 
chloride solution can also be measured by the fcmcyanide-Duponol PC method. The 
results confirm those obtained by the rutroprusside test 

The washed tnchloracctic aad precipitate is dissolved by the addition of 0 J cc. of 
10 per cent Duponol PC 0 J cc. of 0-5 h NaOH (to neutralize the tnchloracctic aad) 
and 0 2 cc. of the neutral phosphate buffer 0 5 cc. of 0 1 si femcyanlde is added and 
after the solution has been in a 37°C. bath for 10 minutes the ferrocyanlde formed is 
measured as Prussian blue as described in the following section. The proteins treated 
with femeyamde for 3 minutes or with tetrathionate for 30 minutes give no ferrocyanlde 
just as they give no mtropmsside test The protein treated with tetrathionate for 3 
minutes gives the equivalent of 1 cc. of 0 0006 u ferrocyanlde just as it gives a moderate 
nitroprussidc test. Protein originally treated with 1 cc. of 0 0008 u ferricyaxudc gives 
1 cc. of 0 00016 si ferrocyanidc just as it gives a small nitroprusside test 

The procedure just described can be used to test the effect of cyanide on the oxidation 
of the SH groups of egg albumin by ferricyanide and tetrathionate. 10 mg of denatured 
egg albumin in guanidine hydrochloride solution are exposed for 30 to 0-5 
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of 0 002 H femcyamde or tetrathionate m the presence of 1 drop of 0 1 cyamde The 
protein is then precipitated and washed with trichloracetic acid, dissolved in neutral 
Duponol PC solution, and the surviving SH groups measured with femcyamde Al- 
though in the absence of cyanide all the SH groups are abolished, in the presence of 
cyanide femcyamde abolishes only 55 per cent of the SH groups, tetrathionate 95 per 
cent This confirms the result ob tamed by the mtroprusside test that cyamde interferes 
with the femcyamde reaction more than it interferes with the tetrathionate reaction 
Femcyamde Reduction in Guanidine Hydrochloride Solution — To 0 5 cc of 5 per cent 
egg albumin there are added 2 drops of phosphate buffer, 1 drop of 0 1 or 0 5 M fem- 
cyamde, and 0 6 gm guanidine hydrochloride After the solution has been kept m a 
37°C water bath for 3 minutes there are added 1 cc of water, 0 5 cc of 2 0 N sulfuric 
acid, 18 cc of water, and 2 5 cc of 2 0 N trichloracetic acid The suspension is well 
mixed and centrifuged If any particles remain m the supernatant solution, the cen- 
trifuging is repeated Filtration results m some loss of ferrocyamde To 9 cc of the 
supernatant solution there are added 0 5 cc of 0 1 m femcyamde and 0 5 cc of feme 
sulfate solution After 20 minutes the Prussian blue is read in the hght transmitted 
by a red filter against the Prussian blue developed from 1 cc of 0 0025 h ferrocyamde 
The two color values agree within 5 per cent The ferrocyamde standard is made up 
as follows To 0 5 cc of 5 per cent egg albumin there are added 2 drops phosphate 
solution and 0 6 gm guanidine hydrochloride After the solution has stood at 37°C for 
3 minutes 1 cc of 0 0025 ir ferrocyamde is added Then sulfunc acid and the other 
reagents are added as before to develop the Prussian blue 

Since guanidine hydrochloride in sufficient concentration interferes with the develop- 
ment of Prussian blue, the experiment is arranged so as to keep the concentration of 
guanidine hydrochloride as low as possible 

Guanidine hydrochloride, unlike Duponol PC, does not prevent the precipitation of 
denatured egg albumin by acid feme sulfate That is why the protein is precipitated 
with trichloracetic acid and removed before the addition of ferric sulfate Duponol 
PC cannot be added to the acid solution to keep the protein in solution because it forms 
a precipitate with guanidine hydrochloride 

Femcyamde Reduction in Urea Solution — In one test tube there are added to 0 5 cc. 
of 2 per cent egg albumin 2 drops of 1 n hydrochloric acid and 0 6 gm urea After this 
test tube has been at 37°C for 5 minutes there is added from another test tube a mixture 
of 0 5 cc 0 002 m or 0 1 m femcyamde, 2 drops 1 N sodium hydroxide, 4 drops 1 m neutral 
phosphate, and 0 8 gm urea After 5 minutes more at 37°C the reaction is stopped by 
0 5 cc of 2 n sulfuric acid and then there are added 0 5 cc of 1 m femcyamde (only to 
the solution containing 0 5 cc of 0 002 M femcyamde), water to 9 5 cc , and 0 5 cc feme 
sulfate solution The Prussian blue formed is equivalent to 1 cc of 0 001 H ferrocyamde, 
within 5 per cent, whether 0 002 M or 0 1 M femcyamde is originally added 

Titrations in Duponol PC Solution — First the mercunbenzoate titration To 1 cc 
of 1 per cent egg albumin are added 2 3 cc of water, 0 2 cc of the neutral 10 m phosphate, 
and 0 5 cc of 10 per cent Duponol PC The solution is brought to 37°C and 0 5 cc of 
0 02 ir femcyamde is added After the solution has been at 37°C for 1 minute there are 
added 0 5 N of 2 0 n sulfunc acid, water to 9 5 cc , and 0 5 cc of feme sulfate solution 
After 20 minutes the Prussian blue developed is estimated colonmetncally in the hght 
transmitted by a red filter The Prussian blue is the same, within 5 per cent, as that 
developed from 1 cc of 0 001 m ferrocyamde (c/ Anson, 1939) If 1 cc of 0 001 M 
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merairibenzoate is added to the protein Duponol solution before the fern cyanide and the 
solution Is allowed to stand 1 minute at 37°G. before the addition of ferri cyanide, then 
no Prussian blue is obtained. Thus mercuribenxoate prevents the reduction of fem- 
cyamde by denatured egg albumm In Duponol PC as in guanidine hydrochloride solo 
tion In practice, to avoid the difficulty of estimating very weak colors, 1 cc. of 0 001 u 
ferrocyanide Is added after the reaction has been stopped with sulfuric add. The 
Prussian blue obtained is that expected from 1 cc. of 0 001 li ferrocyanide If 1 cc. of 
0 0008 m mercoribenzoate is used instead of 0 001 u mercuribenzoate, then on the add! 
tion of 1 cc. of 0.001 u ferrocyanide as much Prussian blue is developed (to quote a 
single experiment) as would be developed from 1 cc. of 0 00115 u ferrocyanide. The 
0.0008 u mercuribenzoate does not completely abolish the SH groups and so some ferri 
cyanide is reduced 

A control experiment is carried out to show that under the conditions used mercuri 
benzoate does not interfere with the estimation of ferrocyanide. 1 cc. of 0.001 u ferro- 
cyamde is added after the mercuribenzoate and the fern cyanide is added after the sulfuric 
acid which stops all reduction of fern cyanide. The Prussian blue formed is that expected 
from the amount of ferrocyanide added If, however, the solution containing merenn- 
benzoate and ferrocyanide is allowed to stand 5 minutes (instead of 1 minute as in the 
actual experiment) before the addition of acid feme sulfate, then less than the expected 
amount of Prussian blue m obtained. Presumably in the presence of mercury salt and 
air some ferrocyanide is endued. 

Another control experiment shows that under the conditions used mercuribenxoate 
docs not reduce ferri cyanide. After the ferri cyanide has been allowed to react with 
denatured egg albumin in the absence of mercuribenxoate, 1 cc. of 0 001 u mercuriben 
zoate is added and the solution is allowed to stand 1 minute before the addition of aad 
and feme sulfate. The amount of Prussian blue obtained is the same as that obtained 
when mercuribenzoate is not added. 

For the fern cyanide and tetrathionate titrations in Duponol PC solution the niLro- 
prussidn test is used for the end point. To 0.5 cc. of 2 per cent egg albumin arc added 
0J2 cc. phosphate solution, 0.5 cc. of 0 002 u fern cyanide or tetrathionate and 0.5 cc. 
of 0 8 per cent Duponol PC solution After thb solution has stood 10 minutes in the 
ferri cyanide titration and 30 minute* in the tetrathionate titration water is added to 
9 cc., the protein is precipitated by the addition of 1 cc. 2 0 N trichloracetic add and 
warming of the solution to 60°C , washed with 0.2 n trichloracetic add, diluted to 1 ctn, 
and dissolved with 1 gm. of guanidine hydrochloride. No pink color b obtained on the 
addition of rutroprusside and ammonia If 10 per cent less femcyanlde or tetrathionate 
b used a weak color is obtained in the nitroprusside test. 

Only 4 mg of Duponol PC is used in the expe rim ent just described because larger 
amounts of Duponol interfere with the precipitation of the protein with trichloracetic 
acid. 10 mg of Duponol PC does not prevent the precipitation of the ordinary SH form 
of egg albumin, but it prevents the predpitatlon by trichloracetic aad If the protein SH 
groups art first oxidized to S-S groups. 

A control experiment shows that even when only 4 mg of Duponol PC b used to 
denature the egg albumin, all the 0.5 cc. of 0 002 u femcyanlde added is reduced to 
ferrocyanide. After the femcyumde has reacted with the denatured egg albumin In 
neutral Duponol solution there are added 0 5 cc. of 2.0 N sulfuric add, 0.5 cc. of 10 
cent Duponol PC, 0J3 cc. of OA u femcyanlde, water to 9.5 cc. and f 
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sulfate solution As much Prussian blue is formed, within 5 per cent, as from 1 cc of 

0 001 m ferrocyamde Extra Duponol is added after the reaction has been stopped by 
sulfuric acid to prevent the precipitation of protein by acid ferric sulfate Extra ferri- 
cyanide is added to speed up the formation of Prussian blue in Duponol solution 

Cyanide inhibits the reduction of fcrricyamdc by denatured egg albumin in Duponol 
solution even more than it does in guanidine hydrochloride solution If in the experi- 
ment just described 1 drop of 0 1 n cyanide is added before the addition of Duponol and 
the ferricyanide is in contact with the albumin 30 minutes, only 1 cc o 10 00007 it ferro 
cyanide is formed In contrast 0 5 cc of 0 002 it tclralhionate abolishes the mlroprus- 
sidc test of 10 mg of denatured albumin even if 1 drop of 0 1 N cyanide is present during 
the tclralhionate reaction 

Reactions of Iodine with Native Egg Albumin — First, the experiments showing the 
minimum amount of iodine which abolishes the mtroprussidc test To 0 5 cc of 2 per 
cent egg albumin arc added at 0°C 0 1 cc of neutral 10 m phosphate and 0 5 cc of 0 0026 
N iodine The solution is allowed to stand 5 minutes at 0°C , during which time all the 
iodine added is absorbed as shown by a negative starch test The egg albumin treated 
with iodine whether dialyxed free of iodide or not gives a negative mtroprussidc test in 
guanidine hydrochloride solution but if it is first allowed to stand m an alkaline solution 
containing strong cyanide, a strong positive mtroprussidc test is obtained The tech- 
niques of the mtroprussidc tests arc described in the section on the mtroprussidc lest 
If 10 per cent less iodine is used a weak positive mtroprussidc test is obtained without 
the preliminary treatment with alkaline cyanide 

In the next experiments more iodine is added at 37°C , and there arc no surviving S S 
groups which give the mtroprussidc test after exposure to alkaline cyanide and no un- 
lodinated tyrosine groups which give the Millon test To 0 5 cc of 2 per cent egg al- 
bumin there are added 0 1 cc of phosphate buffer and 0 5 cc of 0 08 n iodine 1 he solu- 
tion is allowed to stand 2 hours at 37°C Then water is added to 9 cc and 1 cc of 2 0 n 
trichloracetic acid 1 he precipitate is centrifuged, stirred up with 10 cc of 0 2 N tri- 
chloracetic acid, and centrifuged again The precipitate is suspended in enough water 
to make the volume approximately 1 cc , and is dissolved with 1 2 gm guanidine hydro- 
chloride, and 1 drop of 2 0 N cyanide and 1 drop of ammonia arc added After 5 minutes 

1 drop of 5 per cent mtroprussidc is added No pink color is obtained A Millon lest 
is carried out on the 0 5 cc of the precipitate washed with trichloracetic acid by adding 
3 drops of Millon’s reagent and healing in boiling water for 2-3 minutes No purple 
color is obtained The Millon reagent used is made up as follows 10 gm of mercury 
arc digested in 20 gm of nitric acid of specific gravity 1 42 until NO* no longer comes 
off 1 he solution is diluted with twice its volume of water and stored in a brown bottle 
In carrying out the Millon test it is necessary to heat long enough to bring out the full 
color and not long enough to make the color disappear again 

If 0 06 N iodine is added to 37°C in the experiment just described, instead of 0 08 n 
iodine, the protein after being precipitated with trichloracetic acid gives a weak cyamdc- 
mlroprussidc test and a weak Millon test 

If after the iodine is added the solution is allowed to stand 1 hour at 60°C instead of 

2 hours at 37°C , 0 5 cc of 0 05 n iodine has to be added to abolish the cyanidc-mtro- 
prussidc and the Millon test of 0 5 cc of 2 per cent egg albumin If 0 04 n iodine is 
added faint positive tests arc obtained 

A control experiment is done to show that the trichloracetic precipitation and washing 
adequately removes the tctrathionatc formed by the reaction of iodine and thiosulfate 
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0.5 cc. of 0 08 n iodine and 0.5 cc. 0 OS u thiosulfate are mixed before being added to egg 
albu min The protein after being precipitated and washed with trichloracetic acid 
gives strongly positive cyanidc-m tropmssi d e and a strongly positive Milloo test. 

lfercunbcnzoatc Plus N ahr* and Denatured Egg Albumin — The following experiments 
show that if mercuribenxoate combines with native egg albumin at all, the compound is 
much looser tha n the compound between mercuribenxoate and denatured egg albumin 

First it is shown that under the conditions used ferri cyanide is not reduced by either 
native egg albumin or by denatured egg albumin in Duponol solution To 1 cc of 1 per 
cent native egg albumin are added 052 cc. of phosphate buffer and 0.5 cc. of water The 
solution Is cooled to 0°C 1 cc. of 0 001 u femcyanide previously cooled to 0°C is 

added, the solution is allowed to stand 1 minute at 0°C. and then there are added 0 5 cc. 
of 2 0 N sulfunc acid, 1 cc. of 0 001 n fenocyamde 0-5 cc. of 0 02 u femcyanide, 0 5 cc 
of 10 per cent Duponol PC water to 9.5 cc. and 0 5 cc feme sulfate solution The 
Prussian blue obtained is the same in amount as the Prussian blue obtained from 1 cc. 
of 0 001 u ferrocyamde alone indicating no reduction of ferri cyanide by native egg 
albumin 

The same experiment Is repeated with denatured egg albumin, 0.5 cc of 10 per cent 
Duponol PC bong added to 1 cc. of egg albumin instead of 0 J cc of water and no Du 
ponol being added after the and. Again no femcyanide is reduced. 

The next experiments show that cysteine added to native or denatured egg albumin 
is free to reduce ferricyanlde. 1 cc of cold 0 001 N cysteine (In 0 01 N hydrochloric acid) 
is added to the cold native or denatured egg albumin, the ferri cyanide added as promptly 
as possible after the cysteine, and the acid is added 1 minute later The equivalent of 
0 75 - 0 9 cc. of ferrocyamde u formed. Some cysteine is unavoidably oxidized by the 
oxygen of the air and the amount oxidized is variable 

Finally, the experiments which show whether or not added mercuribenxoate is free 
to combine with cysteine 1 cc of 0 001 m mcrcuribenzoate is added to the native or 
denatured egg albumin before the solution is cooled and cysteine and ferri cyamde are 
added. In the solution of native egg albumin no ferrocyanide is formed, showing that 
the mercuribenxoate has combined with the cysteine and that the cysteine-mercuri- 
benxoate compound does not reduce ferricyarude. In the solution of denatured egg 
albumin, however, the same amount of ferrocyamde is formed from femcyanide as in 
the absence of mcrcuribenzoate, showing that the mcrcuribenzoate has combined with 
the protein and is not removed from the protein by the cysteine which remains free to 
reduce femcyanide. 

If the experiment in Duponol solution Is repeated with 1 cc of water substituted for 
the 1 cc of protein solution no ferrocyanide is formed, showing that mcrcuribenzoate 
can combine with the cysteine in the Duponol solution if the mercuribenxoate is not 
combined with protein. 

Th* MercttribcnzoaU-CysUtne Compound — If 1 cc of 0.001 K cysteine is added to a 
neutral phosphate solution containing I cc of 0 0001 u mercuribenroate the resulting 
solution doe* not give a nitrqpruaside test but does immediately decolorize 1 cc of 0 001 
N iodine solution. 

SUMMARY 

1 1 cc of 0 001 u femcyanide, tetrathionate, or ^-chlorom.^ 
is required to abolish the SH groups of 10 mg of denatured w 
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guanidine hydrochloride or Duponol PC solution Both the rutroprusside 
test and the femcyamde reduction test are used to show that the SH groups 
have been abolished 

2 1 cc of 0 001 m ferrocyamde is formed when femcyamde is added to 
10 mg of denatured egg albumin in neutral guanidine hydrochloride or 
urea solution The amount of femcyamde reduced to ferrocyamde by the 
SH groups of the denatured egg albumin is, within wide limits, mdependent 
of the femcyamde concentration 

3 Femcyamde and ^-chloromercunbenzoate react more rapidly than 
tetrathionate with the SH groups of denatured egg albumin m both guani- 
dine hydrochloride solution and in Duponol PC solution 

4 Cyamde inhibits the oxidation of the SH groups of denatured egg 
albumin by femcyamde 

5 Some samples of guanidine hydrochloride contain impurities which 
bring about the abolition of SH groups of denatured egg albumin and so 
mterfere with the SH titration and the rutroprusside test This interference 
can be diminished by using especially purified guanidine hydrochloride, 
adding the titrating agent before the protein has been allowed to stand in 
guanidine hydrochloride solution, and carrying out the rutroprusside test 
m the presence of a small amount of cyanide 

6 The SH groups of egg albumin can be abohshed by reaction of the 
native form of the protem with iodine It is possible to oxidize all the SH 
groups with iodine without oxidizing many of the SH groups beyond the 
S-S stage and without converting many tyrosine groups into di-iodotyrosme 
groups 

7 ^-cMoromercuribenzoate combines with native egg albumin either 
not at all or much more loosely than it combines with the SH groups of 
denatured egg albumin or of cysteine 

8 The compound of mercunbenzoate and SH, like the compound of 
aldehyde and SH and like the SH m native egg albumin, does not give a 
nitroprusside test or reduce femcyamde but does reduce iodine 
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INTRODUCTION 

The enzyme tyrosinase can be obtained from the egg of the grasshopper, 
Mclarwplus dijfcrmhalts, in an inactive form, designated protyrosmase 
(Bodine, Allen, and Boell, 1937, Allen, Ray, and Bodine, 1938) Pro- 
tyrosinase may be activated by a number of surface active compounds 
including a naturally occurring substance found m the hpoidal layer of a 
centrifuged egg brei (Bodine, Allen, and Boell, 1937, Bodme and Allen, 
1938 a and 1938 b) It may also be converted to the active form 
(tyrosinase) by heat (Bodme and Allen, 1938 b), by acetone, chloroform, 
urea, and urethane (Bodme and Allen, 1938 o, 1938 6), and by dialysis 
against distilled water (Ray and Bodine, 1939) Furthermore, it has re 
cently been shown that some constituents in the egg brei inhibit theac 
tivatmg power of certain of these activators (natural activator, sodium 
oleate, Duponol, Aerosol) presumably by forming films over the surface of 
the activator micelles (Bodine and Carlson, 1940) It is not unreasonable 
to assume that thi3 inhibition of the activators is due to proteins which are 
normal constituents of the bra since proteins have been shown to form 
film3 on quartz or collodion particles placed m their solutions (Moyer and 
Moya, 1940) as well as on oil droplets found in Irving forms (Danielli 
and Harvey, 1934, Danielli, 1935) 

It is the purpose of the following to show that inhibition of the various 
activators may be accomplished by pure protein solutions and that the 
inhibition may be enhan ced by higher temperatures Smce the effect of 
heat suggests a possible relation to a denaturation, exposures of these ac- 
tivator proton complexes to ultraviolet light were also made previous to 
the application of heat 

* Aided by a great from The Rockefeller Foundation for wod. on the phyalology of 
the normal celh 


413 


424 


PROTEINS AND ACTIVATION 


Material and Methods 

The protyrosinase employed was similar to that previously described and designated 
as Bi (Bodine ct al , 1939) The activators used were sodium oleate (Merck) and Aerosol 
(American Cyanamid) Protem solutions were made by placing 1 gm of the protein 
in 99 cc of distilled water This was allowed to stand and then filtered In the case 
of egg albumin the stock solution was 1 per cent, m the case of hemoglobin, the solution 
was diluted to 0 2 per cent Casein and edestin are very sparingly soluble and hence 
their concentrations in final solutions were difficult to evaluate The brei minus AC 
was prepared in the same manner as that already described (Bodine and Carlson, 
1940) 

Temperature exposures were accomplished by placing a test tube containing the pro- 
tein and activator m a water bath kept at the required temperature for a period of 10 
minutes after which the tube was removed and cooled to 25°C or below as rapidly as 
possible Concentrations of activators were chosen so as to fall on or below the critical 
or maximum point of activation for the amount of enzyme employed (see Bodme and 
Carlson, 1940) 

The source of ultraviolet light was the entire spectrum of an air-cooled quartz mer- 
cury vapor lamp operating on 110-115 volts A c at 3 amperes The solutions were 
placed at a distance of 15 cm from the light source in glass dishes covered with quartz 
plates 2$ mm thick (controls with glass) The dishes were placed on damp towelling 
or in a water bath of the desired temperature The length of exposure in these ex- 
periments was 20 minutes 

The effects of these various substances and treatments were checked by testmg the 
ability of the activator to convert protyrosinase to tyrosinase The amount of active 
enzyme formed was determined in standard Warburg manometers at 25°C using a 
known amount of tyramine-HCl as a substrate The activity is expressed as 1 /T X 
10 s where T is the time required to oxidize one-half of the substrate 

RESULTS 

The addition of increasing amounts of protem to sodium oleate greatly 
decreases or inhibits the latter’s activating potencies for protyrosinase 
with the exception of egg albumin which produces relatively shght inhibi- 
tion at room temperature (Fig 1) If, however, egg albumin is heated 
with sodium oleate at 80°C for 10 mmutes, a marked inhibiting action is 
then observed (Fig 1) The relative effectiveness of the protems used 
in producing this inhibition of the activatmg properties of sodium oleate 
is clearly indicated m Fig 1 When Bi (protyrosinase) is first mixed with 
the sodium oleate and the protem then added, no inhibition occurs except 
for a very shght effect m the case of casern Upon the simultaneous addi- 
tion of two protems to the activator, previous to the Bi addition, pro- 
tyrosmase is always activated less than if the second protem were not pres- 
ent Shght additive effects of the protems seem evident but are rather 
difficult to evaluate 
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As increasing amounts of pro tyrosinase axe added to a constant amount 
of sodium oleate an increasing rate of oxidation of the substrate results 
(Bodrne and Allen, 1938 6) The possible mechanism of this activation 
has been previously described (Bodrne and Carlson, 1940) as being the ad 
sorption or orientation of the proenzyme on oleate micelles If one assumes 
that the proenzyme is protein in nature, and there seems good evidence for 
such an assumption, the relation between the activator and other pro terns 
may be the same as that between protyrosinase and sodium oleate To 



C C PROTEIN SOLUTION 

Fio 1 The effect of varying amounts of protein solutions on the activating power of 
a constant amount of sodium oleate. Absdssa, amounts of solution added, ordinate, 
per cent of rate given with sodium oleate alone o, 1 per cent albumin, O, 1 per cent 
albumin heated 80*C. for 10 minutes with the sodium oleate © , 0.2 per cent hemo- 
globin □ , ravm A edestrn, V obverse curve of protyrosinase activation curve. 
The values shown on the abscissa are one half actual value for the protyrosinase curve 

illustrate this an obverse curve of the activity of increasing amounts of 
proenzyme in relation to a constant amount of activator is shown in Fig 1 
This curve is the reverse of what would actually be shown if the activity 
of the mixture were placed on the ordinate and demonstrates that while 
certain proteins remove the potential activating power of sodium oleate, pro- 
tyrosinase does essentially the same thing 

The effect of heat on activator pro tern complexes was tested by taking 
a ratio of protein to activator which, as the result of experimental tests, 
showed moderate inhibition and heating this mixture and then rechechmg 
its activating capacity Hemoglobin and casein in such systems are un 
affected by temperatures up to 80°C (Fig 2) The effect of different 
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temperatures (25-80°) on albumin and edestrn is shown in Fig 2 It will 
be noted that for each of these proteins there is little effect of temperature 
until a certain pomt is reached when there is a rapid increase m inhibition 
of the activator (compare with results for brei min us Ac — Fig 4) This 
occurs between 55 and 70° for albumin and between 45 and 60° for edestrn 
It should be emphasized again that these effects are not obtained unless the 
activator and protem are heated together (see previous paper on heat and 
brei (Bodine and Carlson, 1940)) 



Fig 2 The effect of temperature on mixtures of proteins and sodium oleate Ab- 
scissa, temperature m degrees C , ordinate, the per cent rate in terms of the mixtures 
at 25°C • , albumin with sodium oleate, O, edestrn with sodium oleate A, casern, 

□ , hemoglobin Concentrations of proteins constant for any protem throughout 
experiments and chosen so that rate changes could be easily followed 

Inasmuch as protyrosinase (Bi), a protem, can m itself be activated by 
temperature (Bodine and Allen, 1938 b ) it becomes of some interest, in 
hght of the above results, to determine the action of heat on it in the pres- 
ence of sodium oleate The addition of a small amount of sodium oleate 
to pro tyrosinase lowers the temperature at which heat activation becomes 
evident (Fig 3) This change m the effect of temperature is in accord 
with the results obtained when other protems are similarly treated with 
sodium oleate It is known that the number of micelles increases with 
increase in temperature (Hartley, 1936) Yet the nature of the increase in 
degree of activation at different temperatures as well as the fact that vary- 
ing amounts of sodium oleate show the same relationships seems to indicate 
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that the explanation, of this phenomenon ia not simply an increase in 
micelles Moreover, mixtures of Bi with an excess of sodium oleate that 
have been heated at 90° for 10 minutes show no activity when more Bi 



Flo 3 The effect of temperature with and without ultraviolet light on mixtures of 
pro tyrosinase and sodium oleate Abscissa temperature in degrees C. ordinate, rate 
of the reaction. D, the effect of heat on protyrosinase alone, • , the effect of heat on 
protyrosmase m combination with a small amount of sodium oleate O the effect of heat 
following treatment with ultraviolet light on the same combinations. Top graph shows 
effect with less activation by oleate than in bottom graph. 

is added, indicating that the oleate -enzyme complex maintains and is ir- 
reversible or even increased m strength after such exposure to temperature, 
tx , the oleate is “covered over” and no longer is capable of activating 
pro tyrosinase 

It has previously been noted that all of the agents « 
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also act upon proteins, denaturing them (Bodine and Allen, 1938 b ) The 
effect of temperature on brei proteins as well as edestin and alb umin in 
the presence of sodium oleate suggests a possible relation to denaturation 
Smce ultraviolet hght is known to lower the temperature of protem de 
naturation (Stedman and Mendel, 1926, Clark, 1935, Bovie, 1913), these 



Fig 4 Fig 5 

Fig 4 The effect of ultraviolet hght and heat on brei minus AC with sodium oleate 
Abscissa, temperatures to which the mixtures were exposed, ordinate, per cent of the 
rate at 25°C • , the effect of heat alone, O , the effect of treatment with ultraviolet 

light preceding exposure to heat, □, the effect of heat treatment preceding ultraviolet 
exposure, A, the effect of simultaneous exposure to ultraviolet hght and heat, c, the 
calculated summation effect of ultraviolet hght and heat 

Fig 5 The difference in the effects of ultraviolet hght when used before or subse- 
quent to heat or brei minus AC with sodium oleate Abscissa, temperature m degrees 
C , ordinate, the values for solutions treated with both ultraviolet hght and heat m 
per cent of those treated with heat alone O, mixtures treated with heat and then 
ultraviolet hght, • , mixtures treated with ultraviolet hght and then heat 

activator-protem complexes were subjected to ultraviolet hght previous to, 
simultaneous with, and subsequent to heating Figs 4 and 5 show that 
exposure to ultraviolet alters the temperature effect on a mixture of protem 
and activator It is evident m Fig 4 that if ultraviolet hght is applied 
before or simultaneous with heat, the potency decrease due to heat is 
greater If, however, the ultraviolet hght is used subsequent to heating, 
the effect is the same as that obtained at 25°C The data m Fig 4 are 
replotted m Fig 5 to more clearly demonstrate this pomt Combinations 
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of albumin or edestm with sodium oieate which are previously treated with 
ultraviolet are affected similarly 

When a mixture of protyrosinase and sodium oieate is irradiated with 
ultraviolet before subjection to temperature, the activity of the enzyme is 
reduced and the temperature of inactivation (complete denaturabon) is 
lowered (Fig 6) This effect of ultraviolet light on the proenzyme is 
analogous to the effect noted with albumin and edestm 

Many of the above reactions have been tested U3ing Aerosol as the ac 
tivator and some using olrve oil and the results have been qualitatively 



FiO 6 The change In the heat effect on albumin or edestin with sodium oieate caused 
by treatment with ultraviolet. Abscissa, temperature, degree* C ordinate, the values 
for solutions treated with both ultraviolet light and heat In per cent of those treated 
with heat alone. • , albumin O edestin 

similar Thus, the above mentioned conclusions seem to hold irrespective 
of the particular hpoidal activator 

discussion 

A consideration of the above results suggests a parallelism between the 
mechanism of activation of protyrosinase and that for the inhibition of the 
activator produced by the addition of proteins such as the brei proteins, 
albumin, hemoglobin, edestin, and casern Since sodium oieate has been 
most extensively employed as an activator the present discussion will be 
based almost solely upon results obtained through its use although 
parable results are produced by all activators. 
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The possible modes of action or the relationships between activator and 
protein may be looked upon m one of two ways First, the oleate (ac- 
tivator) may be adsorbed on the protein Secondly, the protein may be 
adsorbed on the activator micelle (Hartley, 1936, has described these 
micelles for paraffin chain salts Each micelle consists of a hydrophobic 
core and a hydrophilic shell ) The evidence at hand from the present work 
seems to more or less favor the second of the above possibilities 
Du Nouy (1926) in studying the changes m surface tension of serum 
upon the addition of sodium oleate concludes that the oleate is on the 
surface of the protein Anson (1939) m his study of protem denaturation 
by detergents suggests that the denatured protem is kept m solution by 
detergent molecules adsorbed on their surfaces However, he makes no 
mention of the mode of denaturation 

It is difficult to explain a number of the results obtained in the present 
experiments on the assumption that the protem adsorbs the sodium oleate 
molecules Results of rather crude cataphoresis experiments show that 
an activator hemoglobin or activator enzyme complex moved at the same 
rate as the protein alone and not at a rate similar to that of oleate alone 
Data from cataphoresis (Moyer, 1940, Moyer and Moyer, 1940) and sur- 
face tension (Damelli and Harvey, 1934, Danielli, 1935) methods give 
evidence for the adsorption of proteins on fat droplets, collodion, or quartz 
particles in solutions, and on fat globules m animal cells Many of the 
reactions studied and especially those with heat give different results if the 
protem and oleate are treated together or separately AJso, if activation 
of the enzyme is a phenomenon similar to protem adsorption, it is difficult 
to conceive of it as being activated by adsorbing oleate It seems more 
logical, with the evidence at hand, that it be adsorbed on the oleate micelles 
and thus changed in structure or configuration 
The mechanism by which the protem is adsorbed on these activator 
micelles is at the present not well understood Because of the diverse types 
of activators and proteins it is difficult to explain adequately the relation- 
ships obtained by invoking the phenomenon of coacervation as developed 
by Bungenberg de Jong (1936) Micelles of oleate possess a net negative 
charge as well as a hydrophilic shell At the pH (6 8) at which these 
studies were made hemoglobin and edestin are on the positive side of their 
isoelectric points They are strongly adsorbed (Fig 1) Albumin, nega- 
tively charged at this pH does not inhibit to a great degree until it is heated 
Casern, however, with an isoelectric point similar to albumin behaves much 
like hemoglobm While heat affects both edestin and albumin when they 
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are m contact with the activator, it has no effect on hemoglobin or casein 
under similar conditions It might well be that hemoglobin and 
are completely denatured on the micelles while edestrn and albumin are 
not Heat then continues the denaturation process malting the adsorption 
more complete This seems also to be the case with mixtures of sodium 
oleate and the proenzyme The changes in activity occur at temperatures 
below the point of heat denaturation of the protein alone This supposition 
Is grven further support by the action of ultraviolet light on these protein 
activator complexes Exposures to ultraviolet irradiation lower the tem 
peratures at which proteins denature (Clark, 1935 , Stedman and Mendel, 
1926, Bovie, 1913, etc ) Bovie (1913), repeating Chick and Martin's 
work on denaturation of albumin with irradiated protein, obtained a similar 
type of curve except that it occurred 10 to 15°C lower than the untreated 
albumin In all cases where heat affects the protein activator complexes 
in these experiments, ultraviolet caused a lowering of the temperature at 
which it occurred (Figs 3, 5, and 6) 

Activation of pratyrosmase, which may be accomplished by a number of 
factors, seems related to a change in configuration or orientation of the 
protein Northrop (1939) has shown that comparatively slight changes in 
an inactive protein may result m the formation of an active enzyme In 
the case of the trypsmogen to trypsm conversion, the change is in the 
splitting of a peptide bond (Northrop, 1939) 

When the activation of pratyrosmase is brought about by surface active 
compounds, it seems to be accomplished by an adsorption on the surface of 
micelles of these compounds. Other proteins arc adsorbed also but the 
adsorption of pratyrosmase yields a unique configuration possessing the 
enzymic properties measured experimentally This change from inactive 
to active enzyme may well be a mild denaturation exposing certain groups 
via opening of bonds Other chemicals and treatments known to cause 
similar changes m proteins are capable of changing protyrosiuasc to 
tyrosinase. 

SUMlARV 

1 Protons, when added to activators (sodium oleate, Aerosol) of pro- 
tyro3inase, greatly decrease the degree of activation 

2 Certain proteins adsorbed on activator micelles are markedly af- 
fected by temperature and are rendered more sensitive by ultraviolet light. 

3 Ideas are expressed as to the possible nature of activating and In 
hibitmg phenom ena especially as they relate to the enzyme tyrosinase 
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THE INFLUENCE OF AGE, HYPOPHYSECTOMY, THYROID- 
ECTOMY, AND THYROXIN INJECTION ON SIMPLE 
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Columbia) 
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INTRODUCTION 

As an organism ages, the speed of physiologic processes decreases, or, as 
Carrel has put it, there 13 a retardation of the rate of flow of physiologic time 
This retardation may be attributed m large part to changes taking place 
within those orgamsmic devices, such as the nervous, circulatory, and 
endocrine systems, which are concerned with the integration and regulation 
of the various specialized organs and systems The speed of a simple re 
action to an electric shock, involving as it does these integrative and con 
ductive systems, may be thought of as dependent upon their physiologic 
ages, and consequently upon the rate of flow of physiologic time within 
the organism This report presents data on the relationship of the speed 
of simple reaction to an electric shock to age, thyroidectomy, hypophysec- 
tomy, and thyroxin injection Thyroidectomy and hypopbysectomy are 
assumed to decrease, and thyroxin injection to increase the rate of flow 
of physiologic time 

Methods 

For the measurement of reaction time s Dodge pendulom-photochnmograph 1 was 
adapted for use with small eiumils In s manner si mil ir to one employed by Mann 1 

* The reaction rates were measured in the Department of Psychology the metabolism 
measurements tud related work were done m the Department of Dairy Husbandly 
Grateful acknowledgments are made to Dr F A. Courts Department of Psychology, 
for collaboration in adapting the Dodge pendulum-photochronograph for use in measur 
ing reaction time in rats, and to Mr W W Heathman, Department ofDalry Husbandry, 
for collaboration in hypopbysectomy 

1 Dodge, R. A., A pendulum-photochronograph, / Exp Psychol , 1926, 9, 156 HU 
gaxd, E. R. Conditioned eyelid reactions to a light stimulus based on the reflex wink to 
sound, Psychological Monographs, 1931 41, No 1 

1 Munn, N L-, Developmental psychology, Houghton Mifflin, New York, 193S p 
107 
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AGE IN DAYS 

Fig 1 Reaction rate as function of age in normal (circles), hypophysectomized 
(crosses), thyroidectomized (diamonds), and thyroid-injected (tnangles) white rats 


TABLE I 

Deviations from the Normal of Metabolic Rales of Hypophysectomized, Thyroidectomized, 

and Thyroxin-Injected Rats 
Per cent deviation from normal 


Injected vith 
thyroxin 

Hypophyzectomlzed 

Time iince bypo- 
pbyxectomy 

Thyroidectomized 
(some pxrtixlly) 



days 


+6 0 

-10 3 

19 

-5 3 

+13 4 

-17 2 

« 

-9 0 

+13 7 

-19 8 

It 

-9 2 

+18 0 

-23 3 

ft 

-26 4 

+24 6 

-30 8 

ft 

-11 9 

+25 1 

-43 4 

32 

-13 2 

+32 0 

-71 9 * 

it 

-26 5 

+33 2 

-35 8 

37 

-8 6 

+39 6 
+40 9 
+50 0 
+8 0 
+8 0 
+26 0 
+7 0 
+4 0 
+5 0 

-58 8 

ft 

-15 1 
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The animal was placed In an electrified cage mounted on tambours The movement 
of the animal within the cage was recorded by the simultaneous movement of a tambour 
indicator Application of the single make shock and an indicator of the moment of 
shock were controlled by a rotating switch tripped by a steel rod borne at right angles to 
the face of the pendulum bob The source of electric energy was a storage battery and 
the strength of the shock was held constant by a Harvard inductonum The animal s 
feet were moistened before placing in the electrified cage. Measurements were made 
at a temperature of 26-30°C 

The energy metabolism rate was taken to be the index of the “rate of living” of the 
animals, as modified by age thyroidectomy hypophysectomy, and thyroxin administra 
tic® The energy metabolism was measured in an 8-chamber Regnault Reiset metab 
olism apparatus, similar to the one described by Winchester * 

The animals were selected at random from uniform stock. Since rats may live as 
long as 3^ years and the oldest rats employed in the experiment were slightly over 2 J 
years there was probably no selection due to age No correlation was found between 
reaction time and body weight as such 


RESULTS 

The influence of various factors on reaction time is indicated graphically 
m Fig 1 

1 Endocrine factors As indicated by Fig 1, manipulation of the rate 
of flow of physiologic time (as measured by the rate of energy metabolism) 
by means of thyroxin injection exerted no apparent influence on the speed 
of reaction to an electric shock Thyroidectomy, however, caused a very 
slight decrease m the speed of reaction m that the data points are con 
aistently on the outskirts of the normal range With one exception the 
same holds true for hypophysectomy (Deviations of the metabolic rate 
of injected, hypophyse ctomixed , and thyroidectomixed anim als from the 
normal are given in Table I ) 

There is no doubt that the thyroid hormone not only increases general 
body metabolism, but the metabolism of nervous tissue as well, as indicated 
by an increased oxygen consumption in brum tissue of thyroid fed rats, 4 
and by a higher rate of cortical alpha rhythms in hyperthyroid humans * 
The failure of thyroxin injection to increase the speed of reaction to an 
dectnc shock probably indicates that the conductivity of the nervous sys- 
tem is already at its upper limit in the normal animal. The apparent 

* Winchester, C. F , Seasonal metabolic and endocrine rhythms In the domeatlc fowl, 
Univ Missouri Agric Exp Station Research Bull No 315 1940 

4 Cohen, R. A., and Gerard R. W Hyperthyroi<hsm and brain oxidations, J Cell 
and Comp Physiol , 1937, 10, 223 

* Ross, D A., and Schwab, R. S , The cortical alpha rhythm m thyroid disorders, 
Endocrinology, 1939, 20, 75 
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decline in reaction speed following thyroidectomy or hypophysectomy is not 
surprising in view of the accompanying profound decline in metabolic rate 
The limiting factor in this decline m reaction speed may reside not, how- 
ever, m the speed of nervous conduction, but in a lag in muscular contrac- 
tion, perhaps reflecting a lowered muscular tonus 

2 Age Fig 1 shows that the reaction rate declines from birth to about 
100 days of age, remains virtually constant between 100 and 500 days, and 
rises steeply following about 2 years of age The decline in reaction rate 
between birth and 100 days may indicate the occurrence of a developmental 
change m certain integrative systems, probably primarily neuromuscular 
The sharp rise in reaction time following age 2 years probably reflects senile 
changes in the conducting nervous system, smce endocrine factors as such 
appear only very slightly to affect the reaction time These results suggest 
the possibility of usmg reaction time as a quantitative measure of develop- 
mental rate in early life, and senescence rate at advanced age 

SUMMARY 

Thyroxin injection with associated increases m metabolic rate does not 
significantly affect simple reaction time to an electric shock Hypophysec- 
tomy and thyroidectomy with associated decreases m metabolic rate pro- 
duce a shght decline in reaction speed Reaction tune is long in young 
animals, probably due to incomplete development of certam integrative 
and conductive systems, it remains virtually constant between puberty and 
relatively advanced age when it increases rapidly, probably due to physico- 
chemical changes in the composition of the conducting nervous system 


THE RATE OF BACTERIOPHAGE INACTIVATION BY 
FILTRATES OF ESCHERICHIA COLI CULTURES 


Bt EMORY L. ELLIS and JOHN SPIZEEN 
(From the Wilham G Kerckkojf Laboratories of the Biological Sciences, California Insiitule 
of Technology, Pasadena) 

(Received for publication, October 18, 1940) 

INTRODUCTION 

The inactivation of bacteriophage by substances from susceptible bac- 
teria has been studied by Burnet (1) and Freeman (2) Its inactivation by 
antisera has been studied by Andretves and Elford (3) and Bumet, Keogh, 
and Lush (4) Recently Ashenburg et al (5) reported that saline solutions 
of gum arable, starch, or glycogen inactivated an anti Klebsiella pneu- 
moniae phage 

We have studied in more detail the rate of phage inactivation by culture 
filtrates of the susceptible bacteria in order to determine the dependence of 
the process on phage and inhibitor concentrations 

EXPERIMENTAL 

The phage inactivating solution was prepared from culture filtrates of the susceptible 
strain of coll (#i) previously used In this laboratory (6) The organisms were grown in 
synthetic medium of the composition given by Delbrflch (7) With adequate aeration, 
these cultures attained a maximum plate count at 48 hours of more than 5 X 10* organ 
isms per ce. 16 liter cultures were incubated for 8 days with aeration. The cells were 
then spun out in a Sharpies supercentrifuge and the clear supernatant concentrated in 
vacuo at 35°C. to about one-tenth its volume. This material was then dialyzed in 
cellophane sausage casing against ru nnin g tap water for 48 hours. The remaining sola 
tion was then clarified in the centrifuge and further concentrated in vacuo at 35* C 
It was again dialyzed, clarified in the centrifuge, and passed through a Seitz filter The 
final product had a pH of 6.5 contained 2.5 mg /cc. total solids, and represented a 35 to 
1 concentrate of the initial filtrate of the 8 day bacterial culture*. This concentrated, 
dialyzed bacterial filtrate is called "filtrate" or simply F” below 

Dilated bacteriophage suspensions were prepared by 100-fold dilution in distilled 
water of fresh filtered phage lysates of susceptible coh cultures The suspension then 
contained 7X10* phage particles per cc. as determined by the plaque counting method 
previously described (6) 

Suitable dilutions in nutrient broth of the phage inactivating filtrate were brought to-u 
temperature. To 0 9 cc. of such a dilution of F was added 0 1 cc. of a dilution in 
of stock phage adjusted to contain about 3 x 10* phage particles per cc. This 
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was incubated at the selected temperature and 0 1 cc samples removed from time to 
time, the amount of active phage remaining being determined by plaque counts 

Each experimental determination of active phage corresponded usually to counts of 
two or four plates, containing a total of 100 to 400 plaques Thus the sampling error 
lies between 5 and 10 per cent The efficiency of plating (6) ma}' change in the course of 
the inactivation The data on the later stages of the inactivation reaction cannot be 
interpreted quantitatively until this point is determined 

Rate of Phage Inactivation at 0°C 

A progressive decrease in phage assay was noted with all concentrations 
of F tried (Fig 1) This decrease was logarithmic in all cases until 95 per 
cent of the phage had been inactivated, after which the reactions became 
slower The reaction is therefore first order with respect to phage, as was 
indicated by Burnet (4) for several phages active against B dyscntcriac 
The rate is not proportional to the concentration of inactivator but 
nearly proportional to the square root of this value The rate of phage 
inactivation may thus be expressed by the equation 

_ iHsn . WF >. 

at 

where (P) is the phage concentration, (F) the concentration of filtrate 
preparation, the undiluted material being assigned the arbitrary value 
unity, and ho is a constant Table I shows the values of h 0 calculated from 
this equation, using the rates obtained graphically, lor inactivator concen- 
trations from 0 001 to 0 04 At concentrations lower than these, the re- 
sults become uncertain and variable 
The slower rate of inactivation of the last fraction of phage is discussed 
below That this decrease m rate did not result from exhaustion of inacti- 
vator substance is shown m the experiment plotted m Fig 2 The inactiva- 
tion of phage was permitted to proceed until 95 per cent inactivation had 
been accomplished Then more phage was added to the reaction vessel 
and its rate of inactivation followed As the figure shows, the second 
quantity of phage was inactivated at the same rate as the first batch, indi- 
cating that the concentration of inactivator had not appreciably decreased 

Rate of Phage Inactivation at 37° C 

At tins temperature phage inactivation followed the logarithmic curve 
for only about the first 50 per cent, after which the inactivation became 
slower Furthermore, the relationship of initial rate to F concentration is 
different, the rate is nearly proportional to the concentration of F, not its 



TIME 

Fio 1 The influence of F concentration on the rate of phage inactivation at 0°in 
broth. The numbers adjacent to the curves refer to the concentration of filtrate In the 
reaction mixture in arbitrary units. 

TABLE I 


Tk « Infiumct of F Concentration on the RaU of Pko(t Inactivation at CPC In Broth 



Fig 2 The inactivation of a second portion of phage after the inactivation of 95 ' 

per cent of a firat portion demonstrating the presence of e xc ess inhibitor j 

portion of phage was added at 65 minutes. 
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square root Fig 3 shows the course of the inactivation reaction for three 
F concentrations, and Table II shows the corresponding values of the 
reaction rate constant, k 37 , calculated from the equation 


d log (P) 
di 


= kv(F) 



Fig 3 The course of phage inactivation by filtrate at 37°C m broth The numbers 
adjacent to the curves refer to the concentration of filtrate in the reaction mixture m 
arbitrary umts 


TABLE n 

The Influence of F Concentration on the Rate of Phage Inactivation at 37° C in Broth 


(F) 

- i log CP) 
dt 

kn 

0 05 

0 15 

3 0 

0 02 

0 05 

2 5 

0 005 

0 016 

3 2 


Clearly, the rates are here proportional to the concentration of F, not F* 
as at 0°C Similar experiments at intermediate temperatures showed that 
the initial rates were proportional to (F) at 20°C , but became proportional 
to (F)° 78 at 6°C 

Effect of Salt on the Inactivation 

The inhibitor substance does not pass through a dialysis membrane and 
is probably a large molecule Surface forces can be expected to play an 
important r61e in these reactions These surface forces can be readily 
changed by changes m electrolyte concentration The course of the phage 
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inactivation in the absence of significant amounts of electrolytes was in 
vestigated, by diluting both phage and inactivator in distilled water instead 
of broth The effects of the addition of various concentrations of sodium 
chloride were also studied 

The addition to the broth used as the diluting medium of 25 per cent 
NaCl stopped the inactivation reaction No significant decrease in phage 
occurred in 2 hours incubation at 37°C in a filtrate concentration of 0 1 
Without salt, at this ( F) concentration, the phage would have been 90 per 
cent inactivated in less than 5 minutes. Similarly when tested at 0° this 
concentration of 6alt practically stopped the inactivation On the other 
hand, salt concentrations of 0 j per cent were found to increase the rate of 
inactrvation A 2 5 per cent concentration slightly decreased the rate of 
inactivation In distilled water dilutions, where the only electrolytes were 
the impurities in the filtrate and phage, the inactivation did not proceed at 
an appreciable rate. Incubation of the phage without ( F) under the same 
conditions of temperature and salt concentration resulted m no change in 
the amount of phage. This is contrary to a statement by Gratia (8) who 
attributed an inactivation of phage in a lysate with added salt to a direct 
action of the salt on phage We believe that this effect of moderate salt 
concentrations in his case may have been not on phage directly but due 
to salt accelerated inactivation of phage by substances from the lysed 
bactena 

The effects of salt concentration led us to test whether phage which had 
been inactivated by F could be regenerated by agents known to be effective 
dissociating agents High concentrations of various salts, or low concen- 
trations of soaps, were added to solutions in which phage had been inacti 
vated with F, but without the slightest indication of the reactivation of any 
of the inactivated phage These reagents alone had no effect on active 
phage, in any concentrations used 

Phage Inaclnalum by Common Polysaccharides 

The inactivation of phage by several com m on polysaccharides was 
recently reported by Ashenburg el al (5) We have confirmed their results 
with gum arable and starch, with our phage, and have found in addition 
tha t inuhn and acetylated gum arable also will inactivate our roh-phage 
The concentrations of starch or gum arable needed to attain reasonable 
rates of inactivation (50 to 100 mg per cc.) are greatly in excess of those 
required in the case of the specific substance from the bactena. The , 
preparations of inhibitor substance (F) used by us contained 2.5 rog total 
solids per cc. Additional chemical work on this substance, still in p _ 
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shows that considerably more than half of this must be considered impurity 
Therefore, it may be safely concluded that concentrations of inhibitor of 
less than 0 002 mg per cc produce a rapid inactivation of phage (Fig 1) 

At 0°C , the inactivation with starch is too slow to be measured The 
course of the reaction at 37° with starch is similar to that with the bacterial 
inactivator The decrease in phage is logarithmic at first, becoming slower 
m the later stages This rate is proportional to the starch concentration 
This is especially interesting in view of the high specificity of culture filtrates 
as inactivating agents, a specificity which parallels the adsorption of phage 
by the corresponding bactena (1) 

DISCUSSION 

The interpretation of these data in terms of a reaction mechanism is 
complicated by several factors The absolute concentration of inhibitor 
substance is unknown, and the relative molecular concentrations of phage 
and inactivator cannot be determined Furthermore, this phage has not 
been isolated in high enough concentrations to make it feasible to study the 
course of the reaction in the presence of excess phage mstead of excess 
inactivator The change with temperature in the dependence of the rate 
on F concentration makes the consideration of temperature coefficients 
difficult For example, at very low F concentrations, the inactivation at 0° 
is faster than that at 37° for the same concentration of inactivator 

We shall consider first only the initial rates, reserving for later discussion 
the slower rates attained after inactivation of the main fraction of phage 
The assumption of the following senes of reactions accounts for the observa- 
tions in a simple way 

b + b^bb (l) 

P + br±P b (2) 

P b-*X (3) 

The symbol P b represents a complex of phage and inactivator in which the 
phage retains temporarily full activity, while X represents the inactivated 
complex “b” is the molecular species of the inactivator substance which 
combines with phage and “bb” is a dimolecular form which is inert toward 
phage Reactions (1) and (2) are equihbna, and are rapid and reversible, 
and reaction (3) is the rate controlling irreversible step lead mg to inactiva- 
tion of phage Equihbnum (1), from our data, must be temperature 
sensitive, being pushed to the left by an increase in temperature Accord- 
ing to these reactions, phage is monovalent with respect to “b” in this 
inactivation process 
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Taking these reactions as descriptive of the me chanism and with the 


assumptions stipulated above, a rate expression can be 
equilibrium constants for reactions 1 and 2 are respectively 

derived The 

_ <»> 

K ‘ ~ {«' 

(*) 

r W J) 

' " (Tid) 

(5) 

The total concentration (all forms) of inactivator is 


U0 - (» + 2(M) 

(6) 

The rate of phage inactivation is 


l 

I*. 

*ls 

1 

>c 

(7) 

which by substitution from (5) becomes 


- ^ - kK,(m) 

(S) 

Substituting for (6) from (4) and (6) gives 


(~1± VT+8j«F» 

a* 4a i 


When the inactivator is chiefly in the "it" form, Ki is large and the rate 
expression becomes 

~ a - UPKrt wlwe 4. - - jjj- 

which is the observed relationship at 0°C When the inactivator is largely 


in the dissociated "6” form, the rate expression is substantially equation (8) 

- *^CP)tn *» - PK, 

a 

which Is the observed relation at 37°C 
Although the equations assumed above lead in this way to rate expres- 
sions which agree with the experimental findings, this does not prove their 
reality However, they permit ducussion of the observations on definite 
term3 

The influence of salt on the course of the reaction may be described as an 
influence on reaction (2) in which a minimal electrolyte concentration is 
necessary to permit the combination of P and l, and b* 
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dissociates the F b complex, preventing the inactivation by reaction (3) 
The precipitin reaction provides an analogy Here, the presence of moder- 
ate amounts of electrolytes is necessary for the combination of antigen and 
antibody to proceed, whereas m strong electrolyte solutions, the combina- 
tion does not occur (9) 

After a part of the phage has been inactivated the rate decreased (see Fig 
3), indicating that a fraction of the phage particles was more slowly inacti- 
vated than the remainder Schlesinger (10), and Delbruck (11) reported 
that in the adsorption on live and dead bactena, there is a fraction of the 
phage which is less reactive than the remainder This variation in adsorp- 
tion rate of different fractions of the phage cannot explain the results ob- 
tained in the filtrate inactivation At 0°C the phage inactivation was first 
order until after inactivation of more than 95 per cent of the phage (see 
Fig 1) while at 37°C the rate was first order during the inactivation of 
about 90 per cent when (F) — 0 05, and about 65 per cent when (F) = 0 02 
(see Fig 3) Similar results were obtained in 25 per cent sahne solutions 

From these results, and those previously appearing in the literature (3 
and 4) it appears that there are two competing processes, one inactivating 
phage (the logarithmic part of the inactivation curve) and the other produc- 
ing “partly inactivated phage ” The second process, if more temperature 
sensitive than the first, would result in logarithmic inactivation over a 
greater range at 0° than at 37°C The inactivation of the “partially in- 
activated phage” might occur by (a) reversal of the second process to permit 
inactivation by the first mechanism, or ( b ) a direct inactivation of the 
partially inactivated phage 

These considerations lead to the view that phage inactivation by filtrates 
is more than simply combination of phage with inhibitor substance, and 
that the extent of phage inactivation is not a direct measure of the extent 
of this combination This view is supported by the observation of An- 
drewes and Elford (3) that phage ceases to pass through a membrane filter 
immediately after mixing with antiserum, indicating m this case the forma- 
tion of a phage-antibody complex still retaining phage activity In this 
regard, phage is similar to catalase (12) and urease (13), where the combina- 
tion of the enzyme and anti-enzyme does not result in complete loss of 
activity 

SUMMARY 

1 The rate of inactivation of an anti-coli phage by filtrates of cultures of 
the homologous bactena has been studied 
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2 The inactivation rate at 37°C is proportional to phage concentration 
and filtrate concentration 

3 At 0°C the rate of phage inactivation becomes proportional to the 
square root of the filtrate concentration 

4 A reaction scheme to account for these observations is suggested and 
discussed 

5 This coh phage is also inactivated by relatively large concentrations of 
soluble starch, inuhn, gum arable, and acetylated gum arable. 

6 The inactivation is markedly influenced by salt concentration, being 
rapid at moderate salt concentrations and slow at high or extremely low 
salt concentrations 

7 The inactivated phage cannot be regenerated by high salt concentra 
tons, or by soaps. 

One of us (E L E ) wishes to acknowledge a grant in aid from Mrs 
Seeley W Mudd 
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These experiments were made to obtain more information about the 
Burface of the red blood cell Since “surface” means different things to 
different people, we shall define our meaning now Strictly speaking, the 
surface studied by electrophoresis is the surface of shear between the cell 
(moving in the electric field) and the surrounding medium, for it is the 
potential at this surface which is the electrokinetic potential But since 
this potential has its origin m the charged groups possessed by the cell 
membrane, we shall broadly use the term surface (unless we say otherwise) 
to mean that part of the membrane possessing these charged groups That 
part of the membrane may be limited to the outermost constituent molecules 
of the membrane (i e , to those molecules just inside the surface of shear), 
but we have no direct evidence of this Also we have no data on the 
variations of charge density in different portions of the surface 

The electrophoresis studies in this paper are divided mto three parts 
First, we have deter min ed the mobility of human red cells as a function of 
the ionic strength at approximately constant pH Secondly, we have 
determined the mobility as a function of pH at constant ionic strength for 
intact red cells, for the lipid of the red cell stroma, and for the protein of 
the stroma. Finally, we have determined the mobility of cells and ghosts 
under experimental conditions which cause changes m the mobility 

Methods and Preparations 

1 Method of Electrophoresis — The mobility measurements were earned out In an 
Abramson horizontal microelectrophoresis n>ll, using the technique of Abramson (1929 
1934) and of Moyer (1936) The cel) was modified in two respects The horizontal 
observation chamber dipped slightly below the level of the stopcocks and glass support 
mg rods so that it rested on the microscope stage just above the condenser This made 
ft possible to use the cell with dark field illumination (paraboloid) as well as with direct 
light. With direct light a Zms 28x ocular and 40x water immersion objective were 
ased while with dark field illumination we used the same ocular and a 2 Ox high -dry 
objective. In the mobility measurements direct illumination was used except when 
specifically stated 

The other modification of the cell was the shortening of the vertical outlet tube ^ 
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one of the three-way stopcocks so that its top was a few centimeters below the top of the 
funnel-shaped inlet tube over the other three-way stopcock We filled the cell rapidly 
while it was on the microscope stage m position for measurements The cell, previously 
filled with the same solution as used for suspending the erythrocytes, was placed on the 
stage with the stopcocks adjusted to connect the inlet and outlet tubes by way of the 
observation chamber, and then the suspension of erythrocytes was poured into the inlet 
tube This caused the solution originally in the cell to overflow out of the shortened out- 
let tube, while the suspension of erythrocytes m turn filled the cell By pounng in a 
suspension immediately after making it, and by having electrical and optical adjust- 
ments for measurements approximately made before, we could make mobility meas- 
urements on the erythrocytes within 30 seconds of suspending them, which proved useful 
as we were often confronted with changes in mobility with time 

The mobility measurements were made at the “stationary levels ” The specific 
resistance and the pH of each suspension were determined The mobility measure- 
ments were made at room temperature, but all the mobilities were corrected to 25°C 
Before each senes of measurements the electrophoresis cell was cleaned with a concen- 
trated NajP 04 solution, and then, to ensure a uniform electroosmotic flow along the 
inside walls, a solution of serum was allowed to stand in the cell long enough for the walls 
to take on a coating of adsorbed protein 

2 Solutions — What may be considered the standard reference solution for these 
experiments was an approximately isotonic mixture of nine parts of 1 per cent NaCl, 
0 2 parts of m/1 5 KH2PO4, and 0 8 parts of m/15 Na 2 HP 04 This solution has an lomc 
strength of 0 172, a pH of 7 32 ±0 2, and a specific resistance of 59 S ±03 ohms at 
25°C This will be called the “standard saline-phosphate solution ” 

For determining the effect of ionic strength on mobility, a senes of mixtures of this 
standard solution and a 5 4 per cent glucose solution was made, containing per 100 parts 
respectively 50, 25, 10, 5, 4, and 2 5 parts of the standard solution The pH values of 
the suspensions made with these mixtures were all over 7 0, except m the case of the last, 
where the pH was 6 85 

For the determination of the effect of pH on mobility at constant ionic strength, a 
senes of mixtures of NaCl solution and various buffer solutions was made with the same 
ionic strength (0 172) as the standard saline-phosphate solution The buffer solutions 
generally contnbuted about 0 1 of the total volume of the mixtures The buffer sys- 
tems were m/10 NaOH — glycine — NaCl, m/15 NajHPOi — KH2PO4, m/10 NaAC 
— HAc, m/10 HC1 — glycine, and 0 13 m HCL 1 

3 Preparation of Cells and Cell Products — We obtained our cells from human blood 
drawn within a few hours of the electrophoresis measurements It was mixed with 
about 100 times its volume of 1 per cent saline The cells were centrifuged down, 
resuspended with 1 per cent NaCl in a conical centrifuge tube, and again centrifuged 
The supernatant fluid was pipetted off In making a suspension, enough cells were 
transferred on a stirring rod from the bottom of the centrifuge tube to the suspending 
solution so as to make a concentration of about 1 m 2000 

The bpid of the stroma was obtained by extracting mtact cells at room temperature 
with a 3 to 1 mixture of ethyl alcohol (95 per cent) to diethyl ether, as was successfully 

1 All systems to be found m Clark’s The determination of hydrogen ions, Baltimore, 
The Williams & Wilkins Co , 3rd edition, 1928 
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used by Boyd (1936) and by Daemla n (1939) Intact cells were used for it ha* been 
shown (Beumer and Barger, 1912, Enckson et al 1938) that practically all the lipid of 
the red cell is contained in the stroma. The cells were obtained from freshh drawn, 
defibnnated hu m an blood, and after being washed and packed, a few cubic centimeter* 
were shaken with 30 volumes of the alcohol-ether solution for an bout The mixture was 
then centrifuged and the clear supernatant solution decanted Into a suction flask. 
From the flask the solvent was evaporated under reduced pressure between 40 and 45°C , 
so that the extracted lipid was left as a thin skin on the bottom of the flask. By shaking 
the desired suspending solution m the flask and using a stirring rod to help to dislodge the 
lipid from the bottom, an e m ulsion of the lipid suitable for electrophoresis measurements 
can easily be made. 

In obtaining the protein of the red cell stroma washed ghosts were first prepared. 
Following the method of Parpart (1940) about 10 cc. of defibnnated and freshly drawn 
human blood were hemolyxed with 2 volumes of distilled water and then about 20 


TABLE I 

Electrophoretic Mobility of Human Red Cells ai 25* C in Isotonic Mixtures [Salt and Guccit 
Solutions ) ef Various Ionic Slrenftks and Approximately Constant pH 


Ioolc Strength 

1/ Xio* 

V 

V concetti lor rWcodty 

0 172 

7 37 

-1 03 

-1 04 

0 086 

10 40 

-1 24 

-1 35 

0 013 

14 71 

-1 72 

-1 92 

0 017 

23 12 

—2 44 

-2 78 

0 0086 

32 95 

-2 80 

-3 21 

0 0069 

36 80 

-3 00 

—3 44 

0 0013 

46 50 

—3 16 

-3 63 


volumes of COs-saturated water at about 0°C. were added to the mixture The floccu 
lated ghosts were centrifuged down, and washed six times at room temperature with a 
0 03 per cent NaCl solution. The supernatant fluid from the last washing, completed 
within an hour of the original hemolysis, appeared to be free of hemoglobin although the 
ghosts, bang of a pale pink color contained a little of it. In order to extract the lipid 
from the protein of the ghosts, the packed, washed ghost* were shaken with 30 volumes 
of a 3 to 1 alcohol-ether mixture at room temperature for about 1 hour The residue from 
the extraction (the protein of the stroma) was then separated from the extracting sola 
tion by centrifugation, washed a few times with an alcohol-ether mixture and dried in 
a current of air For the purpose of electrophoresis measurements, small portions were 
s haken vigorously with the desired suspending solution so that we ob tamed small frag 
rotnts suitable for the making of measurements. 

results 

1 Ifobtltly as a Function of Tome Strength 
In Table I are shown the mobilities of human red cells in mixtures of 
various ionic strengths and approximately constant pH ( n ** n 0 f 
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Fig 1 Corrected mobility of human red cells as a function of 1 Ik 


Fig 2 Mobility as a function of pH for human red cells (crosses), for the lipid extract 
of the c ells (open circles), and for the stroma protein of the cells (dosed ardes) This is 
at 25° C and at ionic strength of 0 172 
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except the mixture with an ionic strength of 0 0043 and pH of 6 85) In 
the second column of the table we have given the value of 1 /k for each 
mixture, where k is the Debye function of ionic strength (At 25°C , « is 
0 328 X 10* of the square root of the ionic strength ) In the fourth col umn 
of Table I we have given the mobilities corrected for viscosity, obtained by 
multiplying the observed mobilities of column 3 by the relative viscosities 
of the respective solutions used In Fig 1 are plotted the data of the second 
and fourth col umns m Table I 

2 Mobtltty At a Function of pH 

In determining the mobihbes of human red cells at various pH levels and 
constant ionic strength, a phenomenon first emphasized by Abramson 


TABLE n 

EUciropkorthc Mobility of Hunan Red Blood Cciis at Various pH Leods and Constant Ionic 
Siren ilk of 0.172 at 2S*C 


PH 

Ecfltr lyitm toed with NaQ mlgtion to adjmt pH 

UoUtitvis 

10 29 

m/10 NaOH — Glycbe — NaCl 

-1 06 

6 35 

‘ 

-1 06 

7 88 

' v/15 NsiHKL-KILPO, 

1 07 

7 32 

1 U 1 

-1 04 

J 88 


-0 98 

5 87 

M/10 HAc-NaAc 

tun 

-0 99 

4 70 

-0 93 

3 86 

* 

-0 83 

3 53 

u/10 HQ— Glycine — NaQ 

-0 80 

2 90 

MU U 

-0 62 

2 22 


-0 34 

1 73 

0 13 m HO 

0 0 


(1930) has to be considered Ibis phenomenon is the variation of the 
mobility with tune in suspensions of low pH (generally under pH 4) How- 
ever, after numerous observations, using the technique (see Methods) which 
allows for the making of the first mobility measurements within 30 seconds, 
we found that the mobility remains substantially constant for about 3 
minutes from the tune of the first observation (except when lysis by acid 
occurred withm this short tune, m which case the mobility remained 
constant until the lysis the mobility would then begin to vary in a manner 
which will be discussed in the next section) Therefore, m obtaining 
mobilities of red cells at any pH below pH 4, we made observations on a few 
suspensions at the desired pH, and then used only the mobility measure- 
ments made during the periods before the onset of the variations with time 
so as to ob tain an average mobility for the particular pH 
Table H shows the mobilities of red cells at various r levels ionic 
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strength of 0 172 Dark-field illumination was used in determining the 
mobilities at the two lowest pH levels m order that the mobilities of the 
ghosts formed by acid hemolysis could be observed also 

In Fig 2 are plotted the data given m Table II, and also the pH-mobihty 
points obtamed for the lipid extract of the red cell stroma and for the lipid 
extracted protein residue of the red cell stroma The mobility measure- 
ments on the lipid and protem (made with dark-field illumination) were not 
so satisfactory as those on the intact red cells The coefficient of variation 
of a series of individual measurements (of time) on a single suspension in 
the case of these cell constituents was generally about ± 10 per cent, 
as compared with a coefficient of variation of about ±5 per cent for a 
similar series of measurements on intact cells 2 In fact, the point approxi- 
mately at the isoelectric point on the protem curve is the average of measure- 
ments not only on particles with no mobility, but also on particles with very 
small positive mobilities and very small negative mobilities, whereas the 
point at the isoelectric point on the curve for intact cells is at the pH where 
all the cells were apparently stationary in the electric field 

3 Variations m Mobility under Certain Conditions 

(a) The variation of mobility of red cells with time was found at all pH 
levels hsted in Table U below pH 4 7 At pH 4 7, or at any higher pH 
levels, no variation was found during observations on a single suspension 
(taking usually about 15 minutes) At pH 3 8, where the variation was 
first noticed, the negative mobility of the cells began to decrease about 3 
minutes after the mixing of the cell suspension, and in 10 mrnutes had fallen 
to half of the original value At that pH, as well as at pH 3 5 and pH 2 9, 
the decrease m mobility began to occur before hemolysis occurred At pH 
2 2, however, hemolysis occurred about 3 minutes after the mixing, and the 
first change in the mobility began simultaneously with the hemolysis 
This change in mobility was not a comparatively gradual decrease as was 
found at higher pH levels The ghosts formed by the hemolysis from cells 
moving with a negative mobility began moving almost at once with a posi- 
tive mobihty Likewise at pH 1 7, where the intact cells were stationary 
m the electric field, the ghosts formed by hemolysis (which was complete 
at this low pH within a minute) began to move at once with a positive 
mobility The average positive mobihty of the ghosts formed at this 

2 This coefficient of variation for measurements on intact cells is to be attributed 
more to errors in timing than to variations in mobilities The individual mobihty meas- 
urements were generally only about 7 seconds in length, and the stop-watch used re- 
corded only 0 2 second intervals 
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lowest pH was 1 0 fi/sec /volt/cm , and did not appear to change during 
several minutes following hemolysis (Similar mobility reversals on 
hemolysis in aad solutions had formerly been observed by Abramson (1930) 
with sheep cells ) 

Q>) A decrease of the negative mobility of intact red cells with' time also 
occurs when the suspending solution is a mixture of 97.5 parts of 5 4 per 
cent gluoose and 2.5 parts of the standard saline-phosphate solution This 
decrease was decidedly slower than any caused by low pH It involved a 
fall from —3 16 to —2 93 fi/sec./volt/cm. m 1 hour, and to — 1 86 
\if sec./volt/cm m 2 hours,' 

(c) Finally, one other change of mobility should be mentioned This 
change was a decrease in the mobility of ghosts prepared by Parpart’s 
method (1940) (see Methods) It has been previously shown by us (Abram 
son, Furchgott, and Ponder, 1939) that unhemoiyzed rabbit red cells and 
ghosts made by various forms of lysis without subsequent COr-flocculation 
have the same mobility in a solution of glucose and phosphate buffer 
Here we found that the ghosts of human red cells made by hypotonic lysis 
without subsequent COr-flocculation have the same mobility (— 1 04 
ft/sec. /volt/cm ) as unhemoiyzed human red cells m the standard saline- 

* In the case of the measurements at low ionic strengths (10 parts or las of standard 
eahne phosphate solution m 100 parts of the suspending mixture), it was found that small 
traces of CuSOi (of the order of 0 001 per cent in the case of a suspension containing 5 
parts of the standard sahne phosphate solution per 100 parts) were capable of markedly 
and rapidly decreasing the red cell mobility, somcbmra even to the extent of reversing 
the sign of the mobility The pH decreases caused by such traces of copper salt were 
only about 0 1 of a pH unit and therefore of no consequence The mobility decreasa 
of this sort were fast encountered when, because of Inadequate washing of the electro- 
phoresis cell before filling it with an erythrocyte suspension, traces of CuSOi from the 
electrode plugs contaminated the suspension. Somewhat similar mobility decreasa in 
the presence of Cn ++ and certain other metal ions had been previously observed by 
Northrop and Freund (1923) and by Oliver and Barnard (1924) 

Traces of CuSOi, however did not change the mobilidra of the cells in the mixtures 
of standard saline-phosphate solution and 5 4 per cent glucose solution of higher ionic 
strengths (« ( , in a 1 1 mixture of thoe solutions) This was also the case when a tohi 
tion of unbuffered 1 per cent sahne was used as the suspending medium. Apparently 
the surfaca of the cells in the solutions of high glucose and low salt content were some- 
how changed from what they were in solutions of high salt content, so that they were 
capable of adsorbing cupric ions, thus ch a ngin g their dectrokmedc potential. Also 
there was no mobility change with tracra of CuSO ( in a mixture of 90 parts of glucose 
solution and 10 parts of u/15 phosphate buffer (pH 7 AS) In this case the cupnc ions, 
despite the relatively low total salt content, probably are prevented from being adsorbed 
on cells in detectable quanhtia because of the formation of pooily ionired complexa 
between them and the relatively abundant phosphate and aad phosphate ions. ^ 
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phosphate mixture, whereas ghosts subjected to the CCh-flocculation and 
washing of Parpart’s method have a mobility of only —0 85 /i/sec /volt/cm. 
m the same mixture Ghosts prepared by Parpart’s method also behave 
differently from ghosts hemolyzed by hypotomcity which have been subjected 
to less drastic treatment m that they do not disintegrate into stromatolytic 
forms on treatment with solutions of lyotropic salts such as lithium per- 
chlorate (Furchgott, 1940) 


DISCUSSION 

From the results of the mobility measurements at various ionic strengths 
we obtain information about the contour of the red cell surface Let us 
consider the curve in Fig 1 m the light of Gorin’s recent equations (Abram- 
son, Gorrn, and Moyer, 1939) Gorin’s general equation (his equation 2 1 ) 
when applied to the limiting case of particles of very large radius of curva- 
ture, gives us 

V = <r( 1/k + n) (1) 

where V is the mobility m /a/sec /volt/cm corrected for the viscosity of the 
medium, a is the charge density of the surface of the particle, k is the Debye 
function of the ionic strength, and n is the mean of the radn of the ions m 
the diffuse double layer This equation predicts that for particles of very 
large radius of curvature V is a linear function of 1/k if the charge density 
remains constant 

However, for some particles which microscopically appear to have large 
enough radn to satisfy equation (1), measurements over ionic strength 
ranges m which the charge density varies inappreciably give non-linear 
V-1/k curves From evidence obtained largely with microscopic particles 
coated with adsorbed protein, it appears that these non-linear curves are 
the result of “bumpy” surfaces, with the effective radius of curvature 
possibly bemg the radius of curvature of the individual bumps (Abramson, 
Gorm, and Moyer, 1939) Conversely it appears that for particles of large 
“gross” radius of curvature and constant charge density, deviation from 
linearity of the V-1/k curve may indicate a bumpy surface 

Looking back to Fig 1 now, we see that below 1/k of about 20 X 10~ 8 
(equivalent to an ionic strength of about 0 02), V is a linear function of 1/k 
Assuming that the charge density is almost constant over this range, our 
curve shows that the red cell surface behaves at lomc strengths above 0 02 
as a smooth surface with a very large radius of curvature Further evidence 
for the applicability of equation (1) to the present data is the value of r< 
obtained by dividing the intercept of the curve by the linear slope The 
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value is 1.8 A, which is of the right order of magnitude for the mean of the 
radu of the ions (mostly Na+ and Ct~) in the diffuse double layer (Gonn, 

1939) 

At values of 1/e above about 20 X 10~* (ji values below about 0 02), the 
curve in Fig 1 is no longer linear This, in our opinion, indicates that 
changes in the surface of the cell occur in solutions of /i < 0 02 A change 
from a smooth to a bumpy surface would decrease the slope of the curve, 
but it is more likely that the falling of the slope in Fig 1 is a result of a 
decrease in charge density with the decrease of ionic strength Such 
decreases of charge density in solutions of low lomc strength are a well 
known phenomenon with various lands of surfaces (Abramson and Mailer, 

1933) Other observations lead us to believe that the falling off of the 
slope of the curve in solutions of high glucose and low salt concentration 
may actually be connected with injury to the cell surface By this we mean 
a change in the kind of molecules or in the arrangement of molecules m the 
surface 

Turning now to the pH mobility curves in Fig 2, the interesting point 
is the low isoelectric point of the red cell surface. This isoelectric point 
and also other points on the same curve below pH 4 0 were obtained before 
the onset of changes in mobility encountered at low pH levels These 
changes in mobility with time, which may be due to adsorption of proteins 
(possibly hemoglobin where hemolysis is occurring) on the cell surface at 
low pH levels, have led to the reporting of wrong isoelectric points for red 
cells Abramson (1930) has previously discussed this matter in some detail 

White and Monaghan (1936) have reported isoelectric points for ghosts 
(made by a somewhat drastic method of preparation) and lipid-extracted 
ghosts of cow, dog, and rabbit cells, but they did not make their measure 
ments at corrected (for the ‘lens effect” of the cylindrical cell which they 
used) stationary levels. The isoelectric point which we have obtained for 
the lipid-extracted ghosts of human red cells (r e , for the stroma protein) 
is (Fig 2) at about pH 4 7 This is not an unusual isoelectric point for a 
pm tcin and is not m disagreement with the ammo acid analyses which 
have been made on stroma protein (Jorpes, 1932 , Beach ct ai , 1939) 

Not only the i 3 oelectnc points, but also the entire pH mobility curves 
for intact human red cells and for the stroma protein from them are de- 
cidedly different Obviously the red cell surface is not a surface of stroma 
protein The curve for the extracted lipid of the red cells Is somewhat 
closer to that for the intact cells, but here again there are definite differences. ,a -» 
The isoelectric point (by interpolation) of about pH 2 6 for the lipid is 
almost one pH unit higher than the isoelectric point of the celts, and the 
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curve for the lipid rises considerably above the flat ma ximum level found 
for the cells at alkaline pH values We can therefore say that the surface 
of the human red cell does not have the composition of the surface of emulsi- 
fied particles of lipid extracted from the cell membrane 

Looking once more at Fig 2, especially at the unusually low isoelectric 
pomt and the high flat maximum mobility level above pH 7 m the curve 
for intact cells, it seems to us that the surface of the human red cell is 
dominated by strongly acidic groups In view of the large cephalm content 
of these cells (Erickson et al , 1938, Dziemian, 1939), it may be that these 
groups are the phosphoric acid groups of cephahn molecules A surface 
of oriented molecules of cephahn and other hpids would probably satisfy 
our electrokinetic data, but the data, admittedly, do not rule out the 
possibility of smaller amounts of protein being in the surface also 

SUMMARY 

1 The electrophoretic mobility of unhemolyzed human red cells has been 
determined as a function of ionic strength at approximately constant pH in 
isotonic mixtures of glucose solution and sahne-phosphate buffer solution 

2 Above an ionic strength of about 0 02 the cells behave as particles 
with a smooth surface of large radius of curvature Below an ionic strength 
of about 0 02, changes of the surface occur, probably involving a decrease 
of charge density and perhaps connected with injury of the surface 

3 The mobility as a function of pH at an ionic strength of 0 172 has been 
determined for human red cells, for the lipid extract of the cells, and for 
the stroma protein of the cells The isoelectric points of cells, hpid, and 
pro tern have been found to be about 1 7, 2 6, and 4 7 respectively 

4 The pH-mobihty data lead to the conclusion that a red cell surface is 
composed largely of hpid and dominated by strong acid groups, possibly 
the phosphoric acid groups of cephahn molecules 

To Dr M H Gonn, now of the Magnolia Petroleum Co , Dallas, Texas, 
and to Dr H A Abramson of the College of Physicians and Surgeons, 
Columbia University, we extend our thanks for their mterest and suggestions 
relative to the work in this paper 
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The optical study of diffusion, which has yielded such brilliant results In 
recent years, Is suited only to substances which can be obtained in pure 
solution It cannot be applied successfully to mixtures of several com- 
ponents, nor to suspensions of material such as animal viruses, the actual 
concentration of which, in terms of weight of substance per volume of solu- 
tion, is in general unknown For these the study of diffusion must be 
analytical, that is, consist in sampling and testing quantitatively for specific 
activity 

Unfortunately, analytical diffusion is beset with numerous technical 
difficulties which have not yet been completely eliminated Convection 
currents due to temperature gradients, the effects of vibrations, and drf 
Acuities in sampling represent probably the most common sources of error 
The ingenious solution given the problem by Northrop and Anson (1) has 
been thu3 far the most satisfactory This paper describes a different and 
very simple analytical diffusion method applicable to biological substances 
Though it is probably not entirely free from the hazards enumerated above, 
it has been found suitable for a study of crystalline beef liver catalase, the 
results of which are reported below, and bas been applied since to an in 
vestigabon of the diffusion of several viruses 

Theoretical 

The mathematical solution of a problem of diffusion depends on the par 
ticulnr experimental conditions The procedure employed here consisted of 
superimposing a layer of water or buffer on a solution containing the mate- 
rial under investigation, allowing the latter to diffuse upward, samplmg at 
various levels, and determining the concentration m the samples Under 
such experimental conditions, the general differential equation ic/dt — 
Dd’c/dx' has the particular solution 

1-2 C /C, - d, 
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in which 

y 1 ■= x , /ADi 

a; is the distance in centimeters measured vertically from the initial bound- 
ary, D is the diffusion constant, t is the tune in seconds In equation 
(1) C x is the concentration £ centimeters from the initial boundary, C 0 is 
the initial concentration of the solution when t = 0, and the right-hand mem- 
ber is the probability integral, the value of which can be found in tables 

If one assumes that the diffusing particles are spherical, the molecular 
weight of a substance can be calculated from the diffusing constant alone 
For D = RT/N 1//, in which R is the gas constant, T the absolute tem- 
perature, N the Avogadro number, and / the frictional resistance opposed 
by the surrounding medium For spherical particles, D 0 ~ RT/N l// 0 , 
so that Dq/D = /// 0 The term f/f 0 expresses the ratio of the resistance 
offered a nonsphencal particle to that offered a sphencal particle of the 
same mass For a sphencal particle of colloidal dimensions, f = fo = 6 
Trqr, in which rj is the viscosity of the solution at temperature T, and r is 
the radius of the particle The molecular weight of the substance is then 
4/3 irftpN, in which p is the density of the particle A very accurate value 
for the molecular weight thus calculated can, of course, hardly be expected 
since the value obtained for D becomes cubed m the calculation, and smce 
f/fo remains unknown 

It is important to note from equation (1) that all that is needed for the 
calculation of D is the relative concentration C x /C 0 of the solution at a 
given distance from the initial boundary after a given tune, and that the 
actual concentration, in terms of weight of substance per volume of solution, 
is not required Without this advantage the diffusion study of most viruses 
could not be attempted 

The accuracy of the value obtained for D from one single sample removed 
after diffusion will depend on the accuracy of the analytical method applied 
We have found that the most satisfactory procedure consisted m determin- 
ing the concentrations of as many samples as possible, plotting them on a 
chart against the vertical distance above the initial boundary, and deter- 
mining the theoretical curve which gives the best fit If the substance 
under investigation can be determined m very low concentration, the values 
of relative concentration obtamed are plotted logarithmically as the or- 
dinates, against the vertical distances in the cell as the abscissae For % - 
0, Cx/Co will always be equal to 0 5, no matter how long diffusion is allowed 
to proceed This procedure was used in the present investigation with 
catalase, which served as a test substance, and will have to be applied in 
the study of viruses 


Vertical distance above jmtial boundary 

Fig 1 Diffusion of catalase, Temperature 4°C Theoretical curves calculated 
for D - 3.1 X 10~ 7 cm.'/sec. 

To pyringe 



Fig 2 Diagram of diffusion cell 
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Now since the curves thus obtained (Fig 1) become more vertical wit] 
mcreasmg values of —log C s /C 0 , the experimental error inherent in th 
concentration determination of each sample, though rem ainin g of the s am 
magnitude, becomes of less importance the smaller the relative concentra 
tion On the other hand, since x appears to the square and D to the firs 
power, experimental error in the computation of x will have an importan 
effect on the value derived for D, and this error will be relatively greater thi 
smaller the value of x Consequently, the best experimental condition: 
will be realized when the material investigated can be determined in verj 
low relative concentration and when diffusion is allowed to proceed lonf 
enough to make sampling possible at a sufficient height above the mitia 
boundary 

Apparatus 

Description — The apparatus used is illustrated in Fig 2 It is entirely made of glas; 
and consists of two bulbs, A and B, and one large cup, C, all linked through glass tubing 
with the same stopcock, D By turning the stopcock by 120°, A may be connected witi 
B % B with C, or A with C The bulb in the center, B, is the diffusion cell It is exactly 
cylindrical on a length of about 3 cm , and its capacity is about 5 cc. Its upper end 
narrows to a capillary less than 1 mm in inner diameter and about 1 cm m length, which 
widens agam into the small sampling cup, E The capacity of C and A is about 6 cc 
each The upper end of A is connected through a section of rubber tubing with a 10 cc 
glass syringe (not shown in diagram) The plunger of the syringe is operated by a 
synchronous electric motor 

Filling — The apparatus is first entirely filled with water or buffer and immersed m a 
constant temperature water bath, the water completely covering cell B Bulb A is 
connected with the rubber tubing and syrznge, which are also Filed with water Cup C 
is emptied by moving the plunger back until the fluid in C just reaches the bottom of the 
cup, the last drops m C are mopped up with filter paper The solution to be studied is 
then poured into C, the stopcock turned so as to connect C and A , and, by pulling the 
syringe plunger slowly by hand, the fluid is displaced from C to A until the meniscus in 
C reaches the bottom of the cup The plunger is geared to the motor for forward motion, 
the stopcock is turned so as to connect A with B, and the motor is started and allowed to 
run until the boundary formed reaches about the middle of B , the duration of the process 
being exactly recorded The stopcock is turned to connect A with C, and the apparatus 
is allowed to stand the necessary number of days Fig 2 shows that this arrangement 
permits the formation of a sharp boundary 

Sampling — Cup E is emptied with a thin pipette, the stopcock turned to connect A 
with B, and the motor started, the fluid which comes out is pipetted from cup E at 
intervals while the time is exactly recorded 

In the apparatus used by the author the cross-section of the cell was 1 10 cm J , the 
motor displaced 39 mm 5 of fluid per minute From these data and from the time record 
of each experiment the mean height of each sample above the initial boundary was easily 
calculated The apparatus was placed in the same vibrationless water bath used with 
the Tiselius electrophoresis cell The temperature was about 4 ± 0 01°C 
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Diffusion of Catalase 

Material — Four tuna rccryitalliied beef liver catalase, prepared by tie method of 
Sumner and Dounce (2) 1 was used. The crystals, suspended m water, were dissol ved 
■with the help of solid NaCl and phosphate buffer to make a solution which was about 
M/1 In NaCl and M/10 in Na phosphate, with a pH of 7 4 The total salt concentration 
wa« thus about 7 per cent the catalase concentration was 1 or 2 per cent The solution 
was perfectly dear and would keep so for weeks, no residue was ever observed. 

This material was found to be very nearly homogeneous by optical dif- 
fusion, witli a diffusion constant of 4 4 X Id -7 at 20°C , and a “Kat / ” l of 
35,SOO (3) For previous preparations Sumner and Gralfin found a molecu- 
lar weight of 248,000, derived from a sedimentation constant of 112 X 
10- u , a diffusion constant of 4 1 X 10“ 7 at 20°C , and a partial specific 
volume of 0 73 (4) Calculation of the asymmetry factor gave /// 0 ■= 
ld!5 (S) The isoelectric point was at pH S 7 (6) 

Determination of Catalase Concentration — Catalase activity in the dif- 
fusion samples was determined as follows Into a large test tube were in 
traduced 5 cc. of 0 01 N 11,0,, 1 cc. of 0 05 N Na phosphate buffer pH 6 8, 
and 0 1 cc of an adequate dilution in water of the unknown diffusion 
sample The test tube was kept at 0° and 1 cc aliquots were removed from 
time to time A drop of 25 per cent HjSO ( was immediately added to them, 
and they were titrated with 0 005 N KMnOi The reaction constant was 

obtained from the equation k ■=* 1/1 log — — , in which 1 is the time, a 

6 — X 

the original amount of peroxide, and a — x the amount left after time 1 
Since the value of the reaction constant dropped slowly with time, the 
value chosen for k was that found by interpolation for a/ (a — x) ~ 2 In 
some cases, m order to determine the smallest possible catalase concentra 
b 0 U 3 , the reaction was allowed to proceed overnight, thus, amounts of 
catalase equal to about 0 003 micrograms were estimated with sufficient 
accuracy The reaction constant being proportional under given condi- 
tions to the amount of catalase present, the relative catalase concentration 
in the diffusion samples could be directly obtained. 

BESUITS 

The results of four experiments are given in Fig I on which the logarithms 
of the relative concentrations of catalase have been plotted against the 

1 tVe are much Indebted to Dr J B Sumner end Dr A L Dounce for supplying u* 
with a sample of their material. 

1 TUt f is eqnal to fc tnonomolecular per gram eniyme in 50 cc. reacffoti mixture, 
as defined by Euler and Josephson (Euler H von, and Josephson K., Cirm., 
1927, 452, 153) 
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vertical distances measured from the initial boundary In experiments 1 
and 2 the original catalase solution was diffused against water for 80,000 and 

171.000 seconds, respectively In experiment 3 the catalase solution was 
first dialyzed against buffer (m/1 m NaCl and m/ 10 in Na phosphate, pH 
7 4) and then allowed to diffuse mto another batch of the same buffer for 

257.000 seconds, in experiment 4 diffusion was allowed to take place mto 
buffer for 173,000 seconds, but the latter had previously been slightly 
diluted with water so as to create a difference in salt concentration between 
the lower and the upper solution of about 1 gm per 100 cc Theoretical 
curves have been drawn on the chart to give the best fit for all experiments 
(The curves for experiments 2 and 4 come so close to each other that only 
one has been drawn ) They all express the ideal diffusion of particles with 
a diffusion constant, D, equal to 3 1 X 10 -7 at 4°C From the degree of 
scattering of the pomts on the chart, this figure can be estimated to be 
correct within approximately plus or minus 5 per cent 

In experiments 1 and 2 the diffusion of catalase was accompanied by 
the simultaneous diffusion mto water of a 7 per cent salt solution, m experi- 
ment 3 catalase alone was diffusing mto buffer, m experiment 4, a 7 per 
cent salt solution was diffusing mto a 6 per cent salt solution These vary- 
ing conditions did m no case influence the diffusion of catalase to an appre- 
ciable degree 

In one experiment only (not reported) appreciable mixing occurred All 
samples above x — 0 5 yielded the same concentration as at £ = 0 5, m 
that case catalase alone was diffusing (as m experiment 3) At x = 0 5 the 
concentration gradient of a protem under similar conditions is near zero 
In this experiment it was probably insufficient to oppose accidental con- 
vection currents 

In a control experiment, m which catalase diffused mto pure water, 
fillin g of the cell was followed immediately by sampling without stopping 
the motor The total time was 7650 seconds Between x = 0 and x = 

0 23, the mean relative concentration found was —08 log, between x = 

0 23 and x — 0 45, —3 1 log, no catalase was detected above This is 
probably as good a result as can be expected when sampling is attempted 
immediately after fillin g and has to take place in a region where the con- 
centration gradient is exceedingly steep 

The value of 4 4 X 10~ 7 obtained for the diffusion constant by optical 
measurements at 20°C (3) becomes 2 7 X 10~ 7 at 4°C after correction for 
temperature and viscosity The value obtained by us of 3 1 X Iff" 7 is 
therefore in fair agreement, considering the nature of the method em- 
ployed Ass umin g the validity of such a correction even over a tempera- 
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ture difference of 16°, the slight discrepancy found might be explained by a 
systematic error in the calculation of the mean height of the samples, 
resulting in a shift of all points toward the right side of the chart, or by the 
simultaneous diffusion of a salt, as in experiments 1 and 2, or finally by such 
external causes as vibrations or temperature fluctuations Any gross 
heterogeneity in the active diffusing material would have distorted the 
observed curves and yielded straight lines or curves concave toward the 
upper right comer of the chart, which is obviously not the case Any small 
heterogeneity would have passed unnoticed From what is known of the 
chemical constitution of catalase (2) one cannot expect the molecules to 
split into active fractions smaller than halves. 

The results reported above show that this diffusion method can be used 
successfully for the study of biologically active material and that correct 
results can be obtained from samples withdrawn as high as 1 5 cm. above 
the initial boundary, whose concentration is less than one hundred thou- 
sandth that of the original solution The simultaneous diffusion of a salt, 
which creates a concentration gradient moving ahead of the protein, does 
not affect appreciably the diffusion of the latter and seems to be a satisfac- 
tory way of avoiding possible erratic results due to convection The tech 
tuque is now being applied to the study of some viruses 

SUMMARY 

A simple diffusion apparatus has been described m which a layer of solu- 
tion is allowed to diffuse upward into a layer of solvent. Accurate sampling 
is performed at various heights and the concentration of the samples is 
determined 

The method has been illustrated with a determination of the diffusion 
constant of crystalline catalase, which was found to be 3 1 X 10 -1 cm ’/sec. 
at 4°C The method should be especially suited to the study of biological 
substances endowed with specific activity and which cannot be obtained 
in pure solution 
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THE STRUCTURE OF THE COLLODION MEMBRANE AND ITS 
ELECTRICAL BEHAVIOR 

I The Behavior and Properties oe Coiqiesciax Collodion 

Bj KARL SOLLNER, IRVING ABRAMS Am CHARLES W CARR 
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In the past there have been very many investigations of the behavior of 
collodion membranes with special attention to the phenomena and prob- 
lems associated with electrolyte diffusion, or more properly, ion penetration 
However, the fundamental characteristics of such membranes are still in 
adequately understood Highly dned membranes with low permeability 
and high selectivity were investigated thoroughly by Michaelis and his 
co-workers 1 Their work and that of later students has not, however, 
satisfactorily elucidated the more intimate reasons for the behavior of such 
membranes. The characteristics and behavior of membranes of greater 
permeability, which have even more biological significance, have received 
less attention than they deserve 

The absolute necessity of further investigation of the properties of col- 
lodion membranes has recently been emphasized by our indifferently suc- 
cessful attempts' to reproduce the fundamental observations of Loeb* on 
anomalous osmosis. Using a number of brands of collodion, only one 
(foreign) brand gave anomalous osmosis approaching the findings of Loeb 

This unexpected difference between different collodion preparations im- 
mediately suggested that even a partial clarification was bound to be of 
considerable importance In order to be able to continue current Invest! 
gations, we were forced to clarify this matter since, due to the war, it became 

i Mi chaelis L andFujita, A Biochem Z Berlin, 1925, 158, 28 1925 161,47 1925, 
164, 23 Michaelis L end Dolcan Sh , Biochem Z Berlin 1925 162, 258 Michaelis, 
L. andHayashi K Biochem Z Berlin, 1926, 173, 411, Michaelis, L and Perlxwelg 
W A / Gen Physiol 1927 10, 575 hlichaehs L McEUsworth, R-, and Weech A 
A J Gen Physic! 1927, 10, 671 Michaelis L Weech A A , and Yamatori A. J 
Gen Physiol 1927 10, 685 Michaelis, L. Butt Nat Research Council No 69, 1929 
119 KollmJ Z 1933 62,2 and other publications 

1 SoRncr K., and Abrams I J Gen Physiol 1940, 24, 1 

•Loeb J J Gen Physioi 1918-19 1,717,1919-20 2,173,225 387 563, ” 659 
673 and many other papers in the succeeding volumes of the same Journal 
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more and more difficult, finally impossible to procure the (imported) col- 
lodion which had the desired properties 

The resulting investigation has led to an increased knowledge of the 
factors responsible for the electrochemical behavior of collodion mem- 
branes Furthermore, we are now able to prepare membranes of a very 
high degree of electrochemical activity at will m the laboratory (Part II, 
to be published later) 

A review of the literature showed that other investigators have had 
similar experiences when studying the electrical, particularly electromotive 
properties of collodion membranes 

In 1927 Michaehs and Perlzweig 4 tested at least ten different nitrocellu- 
lose preparations before finding one suitable for their studies of the elec- 
tromotive behavior of highly dried collodion membranes Only "Cel- 
loidin Sobering” gave membranes which consistently showed maximum 
concentration potentials and reasonably measurable permeabilities (electric 
conductivity) The other preparations yielded membranes showmg very 
poor electrical conductivity (permeability), low concentration potentials, 
or a combmation of the two 

In 1935, Wilbrandt 5 (m Michaehs’ laboratory) observed the same fact 
again and remarks that “Kollodium Schermg-Kahlbaum DAB 6” “yielded 
the membranes with the highest and the most consistent concentration 
potentials, while with other types of collodion lower and less consistent 
potentials were obtained ” “ the membranes with low potentials 
often had a high resistance and vice versa ” Table I shows the potentials 
of various types of membranes as found by Wilbrandt 

Some results concerning anomalous osmosis which have been obtained 
consistently by the present authors are summarized in Table II It should 
be stated that anomalous osmosis is necessanly a very sensitive indicator 
of the electrical activity of a membrane 5 The values given are pressure 
rises in a manometer tubing after 20 minutes when a bag containing the 
solution indicated is placed into distilled water For details of the tech- 
nique the reader is referred to our previous paper The membranes used 

4 Michaehs, L , and Perlzweig, W A , J Gen Physiol , 1927, 10, 575 

s Wilbrandt, W , J Gen Physiol , 1935, 18, 933 

8 According to Loeb’s experiments (see footnote 3) and the theory of one of us (Soll- 
ner, K , Z Elcktrochcm , 1930, 36, 36, 234), the extent of anomalous osmosis is propor- 
tional to the product of electrokinetic (f) potential and membrane («) potential As 
both of these magnitudes are directly dependent upon the electrochemical structure of a 
membrane, it is easdy understood that any phenomenon which is proportional to the 
product of the two must necessanly be a very sensitive indicator of the “activity” of a 
membrane 
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we re, as far as possible, of the same porosity, as tested by their behavior 
towards sugar solution No amount of effort and experimenting (e g , 
changing the porosity) obliterates these characteristic differences between 

TABLE I 
{After WUbrandt) 

Concentration Potential j of Collodion Membrane* of Various Brands of Collodion, Measured 
between jrflOO and n/lOOOKCl (in w») 


Bnnd o! coIkxQoo 

| Cooeeotntlon potential 


HliVit Ythw 

Lowest Titos 

Collodion Malknckrodt 

25 

16 

Collodion Merck TX.S.* \ 

48 

10 

Kollodium Schenng Kahlbaum wr Hentellang von 
Membr&nen" 

50 ! 

38 

Kollodium Sobering Kahlbaum U zuz Analyse" 

46 1 

35 

Kollodium Sobering Kahlbaum DAB 6 

56 

50 


TABLE n 

Anomalous Osmosis tkrouik Membranes Prepared from Several Brands of Collodion 


1 

| 2 

1 

1 * 

1 • 


j 

} 

Uwonloa* emosis 






Bnnd o< collodion 

witisogarj- i 

ia 

J^SOi 

K4-dtr*ls 



TSS 

112 

m 



mm. 

M. 

mm. 

“Paiiodmn Mallinckrodt 

130 

8 

35 

24 

Collodion Merck VJLT 

128 

14 

54 

112 

Collodion Baker uju 

Collodium Scherlng Kahlbaum “pro 

128 

6 

48 I 

130 

analyil” 

Collodium Scherlng Kahlbaum “rur 

122 

1 

8 

55 

132 

Hentellung von Membranen 
“Celioidin 1 Sobering- Kahlbaum ‘for 

135 

19 

100 

262 

general use 

126 

70 

228 

410 

CoHodium Scherlng Kahlbaum DAB 6. 

124 

26 

195 

390 


* TM« concentration <ru cboaen because it girt* maximum effect* with membrane* of mod 
eiate activity 3 


different brands of collodion Several other brands 7 of ether alcohol soluble 
nitrocellulose not listed in the tables were also tested Their behavior and 
their content of impurities are about the same as those found with the do- 
mestic brands of collodion obtainable from supply houses 

7 For providing such samples of nitrocellulose we should like to express our thanks to 
the Hercule* Powder Company and the American Cyanamid and r ' 
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Incidentally, it may be mentioned that Premier and Roder , 8 investigat- 
ing anomalous osmosis at about the same tune as Loeb, used a Schenng 
collodion, called “Kolloidin,” for their experiments 

Though many casual remarks concerning our problems are contained in 
the membrane literature, only very few papers deal specifically with it 
Most of the older work on collodion membranes assumes more or less 
tacitly that the electrical properties of such membranes are due to ion 
adsorption This view, lately considered skeptically by many investi- 
gators, at least for strong electrolytes, could hardly furnish a basis for an 
explanation of our problem, namety, the differences between different 
brands of collodion 

Michaehs, m one of his latest papers on collodion membranes,® makes the 
following statement pertaining to our problem 

“It must be left to a further study of the experts of collodion manufacture to in- 
vestigate how this effect is influenced by the method of manufacturing It certainly is 
not the degree of nitration But after personal discussions with experts, I think it 
possible that the degree of degradation of the original cellulose molecule during the 
process of nitration is of importance The specific effect seems to be greater the 
more mtact the molecular size of the cellulose remains during nitration ” 

Wilbrandt, m considering this question, says “This difference is certainly 
not due to different sizes of pores, for the membranes with low potentials 
often had a high electric resistance and vice versa Different degree of 
nitration does not seem, either, to be the cause ” The NO s -groups of the 
nitrocellulose — according to Wilbrandt — act as dipoles, with the negative 
charge directed towards the mtermolecular spaces, i- e towards the pores, 
thus causing m some way the charge of the membrane “Now Mathieu,” 
Wilbrandt continues, ‘has found that the rearrangement of the molecules 
m the films, especially m the highly nitrated ones, was very variable 
Sometimes he obtained very sharp interferences, sometimes very indistinct 
patterns It is highly probable that the variability of concentration poten- 
tials is due to this variability of the arrangement of the molecules ” 

Wilbrandt, m common with most earlier authors, bases his discussion of 
the collodion membrane and its behavior entirely on a consideration of the 
ideal nitrocellulose molecule The ideal nitrocellulose molecule should be 
an inactive substance whatever its NOj content may be However, it 
should be noted that collodion, t e ether-alcohol soluble nitrocellulose, is 
not cellulose hexamtrate but contams definitely less nitrogen A detailed 

8 Preuner, G , and Roder, 0 , Z Elektrochem , 1922, 28, 54 

9 Michaehs, L , Kolloid-Z , 1933, 62, 2 
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discussion of Wilbrandt’s special views is beyond the scope of this paper 
Suffice it to say that in our opinion it does not seem likely that dipoles 
should be able, in the manner indicated by Wiibrandt, to influence the 
charge of the membrane The structure of an electrical double layer, 
particularly m the presence of considerable concentrations of electrolytes, 
can hardly be influenced to such an extent merely by onented dipoles 
The results of our investigations presented in this paper moreover make 
the hypothetical assumptions of Wiibrandt entirely unnecessary' 

Meyer and Sievers, 1 * emphasising a point mentioned by several earlier 
investigators, believe that the electrical properties of collodion membranes 
are due to acid groups "These acid groups could be carboxyl groups which 
are always found in cellulose, or possibly semi-estenfied sulfate groups ” 
At another place they mention pectic substances as possible earners of 
acid groups 

That cellulose and cellulose derivatives generally have a certain degree of 
acidity seems to be universally acknowledged Cellulose chemists usually 
discuss these properties in a casual way under the heading "oxy cellulose ” u 
A recent paper of Beutner, Caplan, and Loehr° deals specifically with the 
aadic properties of collodion In a subsequent paper we hope to discuss 
this problem from a broader angle and a quantitative point of view What 
ever the outcome of these investigations will be, the general idea that im- 
purities of an aacbc nature cause the electrochemical activity of collodion 
lends itself to an experimental test According to this general new, ac- 
tivity and degree of impurity should go parallel, the most active brands 
being the most impure ones 

It seems to be not without significance that the most inactive of the 
brands of collodion ('Tarlodion” Malhnckrodt) tested by Wiibrandt and 
ourselves is also the most expensive one and that Kollodium Schenng Kahl 
baum DAB 6 and “Celloidln for general use” are the least expensive grades 
among the Schenng Kahlbaum preparations 

A product hke ether alcohol soluble nitrocellulose (collodion) is un- 
doubtedly variable in different respects as to degree of nitration, particle 

l# Meyer K H and Sievers J F ,Hclv Ckim Ada 1936 15,649,665 

11 It is obviously outside the scope of this paper to discuss the very controversial 
matter of oxy cellulose The interested reader is referred to the literature Sum 

maries may be found c[ id Schwalbe C G Die Chemle der Cellulose, Berlin Bora 
traeger 1910/11 and 1918, partlcularl) pp 221 JT , and Hess K. Die Qremle der 
Zelluloae und Direr Begleitei, Lelpxig AUdemucht YeftsEsgewDsdisiIt, i 
ulariy pp 455 Jf 

u Beutner R Caplan M , and Loehr, It M , J Bwl Cim 1933, 
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size distribution and mean molecular weight, impurities, etc These fac- 
tors may all be mterrelated to some extent 
Nevertheless, a better knowledge of the factors basically determining the 
electrochemical behavior of collodion should carry us a step further toward 
the solution of a problem which has puzzled many investigators in the past 
It may be worthwhile at this pomt to recall the conventional process of 
nitrocellulose manufacture, which m essence is as follows Cellulose is 
swelled in NaOH, bleached if necessary with chlorine to obtain a colorless 
product, it is then washed, dried, and treated with a mixture of mtnc and 
sulfuric acids This product is freed from acid by washing, followed by 
prolonged boiling with a very dilute acid solution or with water For 
products of a high degree of purity, this boiling process may be earned on 
for 100 hours or longer From the rather indefinite statements m the litera- 
ture one gets the idea that this very prolonged washing is necessary to hy- 
drolyze certam sulfunc acid compounds, probably esters 
One, therefore, has to expect that collodion prepared from poor, unclean 
raw material would always yield an “active” collodion, smee thorough 
bleaching would be necessary We may safely assume that such bleaching 
would yield many oxidized groups, the end groups of the cellulose chain 
molecule and possibly CH 2 OH-groups being acted upon Sufficient 
oxidation would result in the presence of carboxyl groups on the nitro- 
cellulose chain These acid groups could be the factor determining the 
electrochemical properties of membranes prepared from such material 
Since oxidation is known to cause a splitting of cellulose chains, one would 
expect that such a product would have a lowered mean molecular weight 
Consequently it should show low tensile strength m the dry state, as in the 
form of a film, and low viscosity when dissolved 
Unclean raw material may also contain appreciable quantities of pectic 
substances, after treatment with alkali, they would actually be hydrolyzed 
to pectic acid Such substances would not be destroyed by nitration, 
indeed, mtropectin has been described as having properties generally simi- 
lar to those of nitrocellulose 13 

Finally, any material which is not sufficiently purified (whatever the 
punty of the raw cellulose used may be) could contain sulfuric acid in some 
combined form If present as acid cellulose esters, it would make the col- 
lodion “active ” 

A possible experimental approach to our problem was to determine 
whether parallelism between “activity” and ash content is indicated in a 

13 Henglein, F A , and Schneider, G , Ber chem Ges , 1936, 69, 309 
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comparison of different brands of collodion This method involves the 
rather reasonable assumption that the non volatile bases originating from 
the materials and water used are present somewhat proportional to the 
number of acid groups 

Dned samples of the varum* collodions were therefore carefully ashed In order to 
avoid too rapid combustion, it was found practical to thoroughly wet the samples with a 


TABLE m 

Scmt Cktfnical and Physical Characteristics <jf Socral Brands of Collodion 


1 

2 

1 

4 

5 

6 

Bcud of eoBodion 

Uf.u2i 

Pffpn. 

coDodkra 

Optic*) propertW* 

of cwnmrrd*) 

wlatloai 

Ttatfh 
(tmfth of 
mwbnat* 

VWcodty 

•nhw, 

W*Ul 

-U) 

M* SO, 
pertra. 

eollSlan 

Tarlodkm” Mallinckrodt 

0 16 

Q ear* 

Very high 

106 

0 W 

Collodion Merck U-8.i> 

0 23 

dear 

Very high 

93 

0 2 

Collodion Baker ujup 

Collodium Sobering Kahlbaum 

0 45 

Gear 

Very high 

82 

0 2 

“pro analyn 

CoUodmm Schering Kahlbaum 
‘xur HeratelUmg von Mem 

0 4 

Very alightly 
turbid 

High 

88 

0 3 

bmnen' 

CeUoidin Sobering Kahlbaum 

13 

Turbid, imall 

aediment 

Poor 

« 

0 9 

“for general use” 

Collodium Sobering Kahlbaum 

3 6 

Very tnrbW 
*edimentt 

Poor 

46 

2 0 

DAB 6 

3 5 

Very turbid 
heavy *edl 
raent 

Very poor 

28 

3 1 


* The iolid commercial product yield* a dear iolution In ether alcohoL 
t The commercial product yield* a very turbid, atronglv yellowbh wlutkra In ether -alcohol 
tome ledlment appear* on standing 


mixture of equal amount* of alcohol and water and to bum slowly In a covered platinum 
crucible, adding only small quantities of the nitrocellulose at a time. 

The results of these analyses are summarised in column 2 of Table HI 
A comparison with Table I and Table II reveals an obviously dose paral 
lelism between activity and ash content 

Columns 3, 4, and 5 of Table III give a comparison of other properties, 
namely, optical properties of the commercial solutions, tensile strength, 
and viscosity 

The domestic brands of collodion solutions axe perfectly and 
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usually show no appreciable scattering of light With the four grades of 
Schermg-Kahlbaum collodion used there is a close parallelism between in- 
creasing turbidity and tendency toward sediment formation on the one 
hand and ash content on the other Only Collodium Schenng-Kahlbaum 
“pro analysi” was somewhat similar to the purer brands of collodion 

The tensile strength of membranes (of roughly the same thickness) was 
high for the three brands named first in Table HE It was somewhat less 
for Collodium Schermg-Kahlbaum “pro analysi” and increasingly less for 
the next two preparations Collodium Schenng-Kahlbaum DAB 6 showed 
very poor strength 

The viscosity determinations were made with 5 per cent solutions of (previously dried) 
collodion m a mixture of equal parts of absolute ether and absolute alcohol The time 
required for the meniscus to pass two marks on a 5 ml pipette used as viscosimeter was 
measured The experimental conditions were such as not to cause any complications 
due to evaporation The water value of our pipette viscosimeter was 3 7 seconds The 
time values found with the different collodions are given in column 5 of Table III 

Low tensile strength and low viscosity m solution are both strong in- 
dications of a lower molecular weight The remarkably close parallelism 
between the several properties of these collodions cannot reasonably be 
considered to be fortuitous However, it may be added that an exact 
quantitative correlation is impossible because we are dealing with too 
many variables 

The experimental results reported so far are in good agreement with the 
views outlined above The more active grades of collodion are the poorer 
ones technically speaking, containing many impurities of an acid charac- 
ter, their mean molecular weight, moreover, is obviously considerably less, 
as can be readily concluded from the tensile strength and viscosity data 

Partial oxidation could readily account for the presence of acid groups 
and likewise for a lower molecular weight, as such an oxidative breakdown of 
cellulose is a well established fact 

This otherwise satisfactory explanation has not heretofore taken mto 
account the possibility of the presence of acid sulfuric acid compounds m 
the collodion Such compounds could cause all or part of the observed 
electrochemical activity, though their presence could not account for the 
lower molecular weight The parallelism between activity and degrada- 
tion of the nitrocellulose molecules would then be entirely accidental 

Our next step, therefore, was to determine whether or not the different 
brands of collodion contain sulfate, and if so, how much 
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Collodion samples were ashed carefully as outlined above The residues were ana 
lvzed and found to be substantially a mixture of aluminum, iron, and calcium sulfate, 
containing very little free base and no detectable quantities of sDiac aad The analyt 
leal results, however indicated that a loss of sulfate may occur because of ft lack of fixed 
al k a l i. To obtain correct sulfate values, therefore, the experiments were repeated 
with a changed tec hn ique. The collodion samples were thoroughly wetted with an 
alcoholic solution of sodium hydroxide and ashed after this treatment The sulfate 
values found were accordingly higher than those obtained with the former technique. 
The results are listed in column 6 of Table in These latter values represent in our 
opinion the true sulfate contents of the different collodions. 14 

These data show that the sulfate content also runs strictly parallel to 
the electrochemical activity of the different preparations In order to 
cause activity the sulfate present must necessarily be in the form of an aad 
compound Sulfuric aad esters of cellulose have been described repeatedly 
and their appearance in improperly purified nitrocellulose seems to be 
assumed quite generally 

However, it may be possible that the sulfate, as found by analysis, is 
present in a combined though inactive form, or merely as an admixture 
originating from the process of manufacture How difficult it is to remove 
sulfunc aad from nitrocellulose can be gathered from the following expen 
ment. 

A sample of collodion (Merck rii ) with a sulfate content of 0 J mg per gm. of dry 
material was dissolved in acetone A solution of sulfuric aad in acetone was added 
until the mixture was about 0 1 molar with respect to sulfunc aad After 2 hours the 
solution was allowed to drip slowly under stirring into a great excess of water The 
fibrous product obtained was washed thoroughly and boiled for 35 boars with water 
After washing and drying an ether-alcohol solution was prepared and centrifuged to 
remove all insoluble particles and the sulfate content of this purified material was 
determined as before. Its sulfate content of 0 5 mg per gm dry collodion is more than 
twice that determined in the original material. 

Membranes cast in the usual manner from ether-alcoholic solutions of 
this treated collodion showed no significant change m activity as compared 
with the original material The possibility, therefore, is not entirely ex 
eluded that at least some of the sulfate content of collodion is present as 
inactive admixture, particularly in the more active, poorly purified products 

We are still confronted with the apparent correlation between sulfate 

14 The conventional technical method of sulfate determination after Bert {cf Berl 
Lunge, CbemUch tcchnlsche Untersuchungsniethoden Berlin, Julius ~ 1934 

5, 735) does not seem readily applicable to the very small amounts of 
we had to deal. 
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content and activity in the commercial preparations, sulfate groups may be 
responsible for at least some of the activity of collodion, though the relative 
importance of this factor is still an open question 
There are two apparent ways to estimate the relative importance of sul- 
furic acid compounds for the activity of collodion The most straightfor- 
ward and theoretically simplest approach would be to compare the sulfate 
content with the total number of acid groups present m the collodion 
Seemingly simple, it is beset with experimental difficulties We, therefore, 
must postpone its discussion to a later paper, in the frame of which it will 
find a more proper place 

The other method would be to investigate the possibility of freeing active 
collodion of its sulfate content without total loss of activity 
Our plan, therefore, was to reduce in some way the sulfate content of 
active collodions down to the level of the more inactive brands and to see 
whether or not their activity is lost with the sulfate removal 
According to the literature, the desired purification could be tned m 
several ways 1B One could boil a sample for a long time m very dilute acid 
and water, as is done in the conventional commercial process This pro- 
cedure is supposed to hydrolyze sulfuric acid compounds Furthermore, 
one could accelerate the hydrolysis of the assumed sulfuric acid esters by 
boiling with half concentrated acetic acid 

In judging the experiments described below, one has to consider that on 
boiling, not only sulfuric acid compounds may be hydrolyzed and thus 
rendered inactive, but also that any lomzable compound may be slowly 
dissolved Once dissolved, such compounds would be largely lost m the 
boiling liquid This is likewise true for oxidation products and acid esters 
which probably are not too different m their general properties 
We were able to obtain an adequate supply of only two of the more active 
brands of collodion, namely, “Celloidin, Schermg-Kahlbaum, for general 
use,” a very active preparation, and “Collodium, Schermg-Kahlbaum, zur 
Herstellung von Membranen,” a moderately active preparation 

To make them suitable for the intended purification, their rather dilute ether-alcoholic 
solutions were poured slowly into a great excess of water under continuous, vigorous 
stirring The products so obtained are composed of fine fibres 

Boiling in water turned out to be a somewhat less suitable method for our purpose 
Therefore, since we had to economize on our material, this method was applied only to 
one brand of collodion, “Celloidin, Schenng-Kahlbaum, for general use ” 30 gm of 
Celloidin were treated in about 1 5 1 of liquid The sample was heated every morning 

16 See c g , Hess, K , Die Chemie der Zellulose und lhrer Begleiter, Leipzig, Akadem- 
ische Verlagsgesellschaft, 1928, 367, 381, etc 
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and allowed to bod for about 6-7 hoars, on the next morning the liquid w 
The boiling liquid used for several days was very dilute hydrochloric aa 
distilled water The water was replaced less frequently After a boiling ti 
70 hours the sulfate content was reduced to the desired level The mater 
thoroughly dned. The sulfate determination was earned out as described 
An ash determination was also made. 

The second method of purification was applied to both of our available i 
arations 12 gm samples were boiled in about 700 ml of 60 per cent acetic i 
an appropriate time the boiling was stopped and the material thorougl 
acetic aad by repeated boiling and thorough washing mth water It was £ 
The boiling time necessary to reduce the sulfate content to the desired Ii 
hours for Collodion Schenng Kahlbanm ‘ rur Hentellong von Membran 
hours for 'Celloidin Schenng Kahlbaum for general use.” The dry ma 
analyzed for aih and sulfate content as in the preceding case. 

In Table TVc the analytical data pertaining to our purified coll< 
given They are preceded by the corresponding data of active a 
collodions — Table IV a — and pure, inactive commercial collodioi 
TO 

To compare the "activity” of the different preparations we 
concerning anomalous osmosis and concentration potentials obtc 
the same membranes Anomalous osmosis, as said above, is a ver 
indicator as to the activity of such membranes. 

Membranes of the original and purified collodions (dissolved in 75 per 
25 per cent alcohol) were cast the first three of each brand giving prope 
sugar solution after 20 minutes (column 4 of Table IV) were used They 
about the same porosity The anomalous osmosis experiments were car 
indicated before. The corresponding nmnometric rises are listed in column 
IV Column 6 gives the concentration potentials between 0 01 n and 0 02 i 
tions for the same membranes. 

On examina tion of the facts summarised in Table IV, one sees i 
is no necessary correlation between sulfate content and activity 
the originally active brands of collodion lose some of their actrv 
process of purification, they still are much more active than t 
commercial preparations of the same sulfate content. We woi 
to attribute the decrease in activity on purification largely to a loss 
but sulfate free substance As said above, such compounds ai 
opinion, partially oxidized nitrocellulose molecules carrying 
groups and having probably on the average a lower molecular wei 
much greater solubility than the more perfect, less oxidized mtr 
molecules. This view is substantiated b> the fact that the filter 
liquids leave on evaporation a considerable residue of organic 6 
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TABLE IV 


Sulfate Content and Activity of Some Commercial and Purified Collodion Preparations 


1 

2 

3 

4 

5 

6 

Brand of collodion 

Mg ash 
pergm 
dry 

collodion 

Mg SOi 
pergm 
dry 

collodion 

Osmotic 
rise with 

u 

sugar - j» 

Anomalous 
osmotic 
rise with 

Concen 
tration 
potential 
KC10 01N/ 
KC10 02N 


Table IV i 

l 





mm 


[ mm 

1 mm 

mv 




MM 


1 4 

Collodion Schenng-Kahlbaum “zur Her- 

1 1 

0 9 

mm 


1 4 

stellung von Membranen” (commercial 
preparation) 

■ 


If 

104 

1 2 




i 

190 

2 2 

“Celloidin” Schenng-Kahlbaum “for gen- 

3 6 

2 0 

SB 

228 

3 6 

eral use” (commercial preparation) 



warn 

244 

2 0 


Table IV b 


i 

Collodion Merck u s p (commercial 
preparation) 

I 

0 23 

0 2 

1 

■ ■ 

mm 

48 

46 : 

57 

i 




mm 

32 


Collodion Baker u s p (commercial 

0 45 

0 2 

'■Hi 

47 


preparation) 



136 

50 



Table IV c 


Collodion Schenng-Kahlbaum “zur Her- 
stellung von Membranen” (purified 
with acetic acid) 

0 2 

0 2 

■®S1 

H 

mm 

$4 

98 

96 

i 

mv 

2 0 

1 1 

1 4 




fin 

i 

72 

1 3 

“Celloidin” Schenng-Kahlbaum “for 

0 2 

0 2 

SB 

93 

2 1 

general use” (purified by boiling in 



SB 

108 

1 7 

water) 



Hi 






118 

102 

2 6 

“Celloidin” Schenng-Kahlbaum “for 

0 2 

0 2 

130 

126 

2 3 

general use” (purified with acetic acid) 



138 

120 

2 3 


We are, therefore, very much inclined to think that the electrochemical 
activity of the more active collodion preparations is mainly due to sulfate- 
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free acidic compounds, sulfate-cantammg substances playing only a minor 
rflle 


GENERAL DISCUSSION 

The evidence presented in the preceding pages integrates itself into a 
relatively simple picture 

The electrochemical "activity” of collodion is due to impurities of an 
acidic nature originating from the raw material and the manufacturing 
process The purest brands of commercial collodion show very low activity 
Therefore, the assumption that nitrocellulose as such is electrochemicaUy 
very inactive 1 * seems justified 

The electrochemicaUy active impurities are substantially not sulfunc 
aad compounds, as borne out b> the fact that active commercial collodions 
can be largely freed from their sulfate content without parallel loss of 
activity 

This leads us to the inclusion that carboxyl groups must be responsible 
for the observed activity Carboxyl groups are undoubtedly contained 
in all cellulose raw materials 11 Their number must be greatly increased 
by bleaching, particularly the excessive bleaching necessary with inferior 
raw material. Excessive bleaching yields products of lowered molecular 
weight, i c , low viscosity in solution and low tensile strength of films. 

To obtain a true picture it is impossible to think of nitrocellulose m terms 
of ideal uniform molecules NitroceUulose is in reality composed of tnole- 

l * This undoubtedly applies to other cellulose derivatives, esters as well as ethers 
and also to straight cellulose and hydrocellulose 

The use ot such membranes seems to offer some hope for successfully attaching the 
old experimental problem of measuring directly the osmotic pressure of electrolyte solu 
tlons Investigators in this held have employed membranes which it would seem are 
particularly apt to give anomalous osmosis IV e know c c, that Cu ferrocyamde Is a 
very active membrane (Bernstein Elektrophysiologie Braunschweig Fncdnch Vieweg 
and Sohn 1912, 164) The same is true for silicate membranes and probably manj 
other membranes of salt character (Grollman, A and FraxeT J C W , J Art Chert 
Soc 1923 i3, 1710 Grollman A. Dissertation Johns Hopkins University 1923 
Sollner K. and Grollman A., Z Elchtrochcm 1932, S3, 274 Tr Electrochem Soc 
1932 61,477 487) The problem seems to be to find a membrane with so low a charge 
density that the electrical forces become negligible. It may be recalled here that Loeb 
was able to reduce practically to sero the activity of his proteinixed collodion membranes 
simply by working ot the Isoelectric point of the particular protein used (Loeb J , 

J Gm Physiol 1920 4,463) 

1T See C-S Hess, JL, Die Chemie der Zellulose und ibrer Begleiter Leiprig, Akadcm 
ische Veriagsgeaellschaft 1928 particularly pp 54 / 
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cules of very different length and these molecules are by no means all 
perfect Many of them cam- — and this is the pomt impor tan t for us— 
carboxyl groups, some sulfate groups and possibly some others Thorough 
purification gradually removes these ionizable impurities 

The best grades of collodion, therefore, are composed of long fairl}' ideal 
nitrocellulose molecules, probably carrying only here and there a group 
(e g , carboxyl) not compatible with the ideal structure Corresponding!}', 
they are fairly inert 

Collodion purified to a lesser extent in any case contains many impurities, 
largely of lower molecular weight 

Collodion prepared from inferior raw material is composed of molecules 
of lower mean molecular weight IS If not extremely well purified, such a 
material would be expected to contain man y molecules carrying oxidized 
groups which originate from excessive bleaching 

This picture Sts the three inferior grades of Schenng-Xahlbaum 19 col- 
lodion perfectly The high sulfate content is obviously the result of a 
more superficial purification 

The correctness of our explanation of the electrochemical activity of 
collodion is further substantiated by the fact that collodion, as noted in a 
preceding papery can be activated by oxidation 

The results here obtained are somewhat unexpected and indeed ironical 
The brands of collodion preferred by nearly all workers in the field of elec- 
trochemical membrane investigations are, technically speaking, the poorest 
ones 

If one tries to visualize the molecular mechanism of electrochemical 
membrane activity, one likewise arrives at a relatively clear picture 
Without entering at this point into any discussion on the relative merits of 
different permeability theories (t e , pore versus homogeneous phase hy- 
pothesis) as applied to the collodion membrane, we shall employ the pore 
conception for the following discussion It allows us to discuss without 
much distinction the highl}' dried (controversial) and the incompletely 
dried undoubtedly porous collodion membranes 

As pointed out by several investigators, recently in a more quantitative 
form 1P ;0 the electroch emical behavior of such a membrane depends upon 
the relative number and mobilities of all the ions present in the pores 

IS We are quite aware of the fact that low molecular weight does not necessarily ha% e 
its origin in either poor raw material or oxidation. Such material is actualh manu- 
factured widely for special technical purposes from high grade raw material, special 
processes being used to reduce the molecular weight. 

If Unfortunately, several letters sent to the Schenng-Kahlbaum Company requesting 
information on this problem re m ai n ed unanswered. 

i? Teorell, T , Free See Ezp B-cl erd Med , 1935, 33, 2S2 
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Some of the 10113 of one sign are fixed to the wall, their “gegen 10ns” being 
freely movable in the aqueous phase In very wide pores, or in pores of any 
sue, if only a negligible number of 10ns is fixed to the pore walls, the specific 
membrane influence is negligible, high electrolyte concentrations in the 
aqueous phase likewise reduce the relative importance of the wall influence. 
In narrower pores and in more dilute electrolyte solutions, if by some means 
the relative number of 10ns fixed immovably to the pore walls is increased, 
the specific membrane influence increases For our specific problem we are 
concerned only with the latter factor and the question is what determines 
the number of lomzable points fixed immovably at a collodion/aqueous 
solution interface? 

This situation with respect to the membrane (e) potential applies muiatss 
mutandis quite as well to the electrokmetic (f) potential 

The older assumption of preferential ion adsorption has recently been 
questioned because of the extremely low adsorbabihty of strong inorganic 
electrolytes 

Our results also indicate that ion adsorption has only a very secondary, 
if any, influence on the electrochemical activity of collodion membranes in 
such solutions 

Lately, several investigators have assumed that the lomzable groups on 
collodion in strong electrolyte solution belong to the collodion itself This 
view seems to be proven by our experiments It seems much more familiar 
when one recalls the structure and behavior of protenuxed membranes In 
this case, everybody agrees that all the electrochemical properties of the 
membrane are due to the lomzable groups of the protein 

The great differences between different collodion preparations are now 
easily understood The purest ones carry only a small number of dis- 
sociable groups and are, therefore, inactive The less carefully prepared 
material contains many addle groups and is electrochemically active The 
number of lomzable groups per unit of area is an inherent property of the 
membrane material used In any given solution, their dissociation, i.e 
their actual effectiveness, depends on the nature and concentration of all 
the 10ns present, particularly the possible gegen 10ns. 

In our opinion the behavior of weakly adsorbable polyvalent 10ns, eg 
sulfate, has to be explained on the basis of a combination of mechanical and 
electrical sieving effects. 

This conception, of course, does not apply without restriction to all 
situations For example, if any of the 10ns present in solution is very 
strongly adsorbable, it must strongly influence the ionic build up of the 
mterfacial layer In this case we can undoubtedly approach the situation 
formerly assumed also for Btrong electrolytes 
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It is conceivable that with a membrane material which is completely 
or nearly completely void of any dissociable groups, even in solutions of 
strong electrolytes, preferential ion adsorption comes into play to a de- 
cisive extent However, no case of this nature has so far been described 
for collodion membranes 

Previous mention was made of some of the factors which may possibly 
have a great influence on membranes cast from different collodions They 
are degree of nitration, impurities, mean molecular weight, and particle 
size distribution To this we may add the solvent used The degree of 
nitration obviously (as pointed out by earlier investigators) is not a de- 
cisive factor, as attested by the fact that nitrocellulose of widely varying 
nitrogen content yields membranes having quite similar electrochemical 
properties The paramount importance of impurities for the electro- 
chemical behavior of collodion membranes is discussed in the precedmg 
pages Concerning the mean molecular weight and particle size distribu- 
tion and the influence of the solvent, we are inclined to beheve that these 
factors are quite intimately connected m a consideration of the spatial 
structure of membranes Together, they probably determine the geomet- 
rical arrangement of the molecules in the films We do not mtend to dis- 
cuss at this time this extremely complex problem since our present results 
have very little bearing upon it 

In subsequent papers we propose to discuss the preparation of artificially 
activated membranes and to investigate quantitatively the acidic proper- 
ties of collodion, hoping that it may be possible to correlate such data with 
some of the newer theoretical considerations of electrochemical membrane 
behavior 

SUMMARY 

1 The electrochemical behavior of membranes prepared from com- 
mercial collodion preparations vanes widely, some preparations showing 
very high, other ones very low electrochemical efficiency (“activity”) 

2 The electrochemical activity of a collodion membrane depends en- 
tirely upon impunties of an acidic nature contained in the collodion used for 
casting the membrane 

3 The active acidic impunties are substantially due to partial oxidation 
which occurs in the manufacturing process Sulfunc acid compounds, 
e g , acid sulfunc acid esters play only a mmor r61e, if any 

4 The electrochemical behavior of collodion membranes in solutions 
of strong electrolytes is decisively dependent upon the acidic groups built 
permanently mto the collodion surfaces Preferential ion adsorption plays 
only a mmor, if any, r61e 
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(Received for publication, November 18 , 1940) 

1 INTRODUCTION 

Brtlcke (1832), m his study of the color changes of the African chameleon, 
was the first to record the fact that the cutting of chromatic nerve fibers -was 
followed by a darkening of the area of skm thus denervated He ascribed 
this condition to paralysis. Pouchet (1876) also recorded such a darkening 
in fishes, particularly in turbots, and accepted Brilcke’s interpretation of it. 
Von Fnsch (1911) added to the list of fishes that showed these peculiarities 
and noted incidentally that 8 days after the initiating operation the dark 
area thus formed on the fish began to show signs of blanching and that in 13 
days it was strikingly pale The blanching of such dark areas was confirmed 
on the minnow Plwxinus by Smith (1931) who pointed out that the ultimate 
loss of color in these areas was posable only when the fish was maintained 
in a relatively pale state Meanwhile Wyman (1924) had used denervated 
bands on tails, now generally known as caudal bands, for an extended study 
of chromatic physiology in fishes, and the technique of the caudal band 
came into common use among numerous workers (Abohn, 1925, Smith, 
1928, Fries, 1931, Mills, 1932, Matthews, 1933, Parker and Porter, 1933, 
Abramcrwitz, 1935, Kleinhobs, 1935, Foster, 1937, Dalton and Goodrich, 
1937, Kamada, 1937, Odiorne, 1937, Wykes, 1938, Osborn, 1938, 
Matsushita, 1938, Tomita, 1938, Vilter, 1938, and others) 

A little over half a decade ago it was pointed out that when in a fully 
blanched caudal band on such a fish as Funduhis a new cut was made 
strictly withm the limits of the original band and slightly distal to the first 
cut, the dark tint of the original band would reappear though not so fully 
as at first (Parker, 1934 o) This condition was of prime importance in 
two respects It showed, first, that the chromatic nervous mechanism of 
the band was not paralyzed, as had been assumed since the days of Brflckc, 
but that it wa3 merely quiescent and could easily be reactivated And It 
showed further that the darkening of the hand was not the result of checking 
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certain assumed central influences whereby the melanophores had been 
held contracted (Zoond and Eyre, 1934, Zoond and Bokenham, 1935, Sand, 
1935, Wykes, 1938), but that this darkening resulted from an unusual 
stimulation of the dispersing nerve fibers at the site of the wound This 
new interpretation has been called the superactivity hypothesis as con- 
trasted with the older one which was designated as the paralysis hypothesis 
(Parker, 1936) Smce a caudal band in Fundulus may remain visible for 
hours or even a day or more after its first formation it was suggested that 
the dispersing nerve fibers m such a band are active over a correspondingly 
long period, a view that has met with very little approval from other 
workers The possibility of long continued activity in such nerve fibers 
will be considered in the following pages and this question will be discussed 
not only from the standpoint of caudal bands, but from that of the larger 
areas of skin darkened by denervation 

The technique employed in these studies calls for no special description 
Where operations of considerable extent were performed on the fishes the 
creatures were anesthetized by cold in water and cracked ice (Parker, 
1939), a method which proved to be in every way satisfactory 

2 Revival of Bands and Other Areas 

Faded caudal bands in Fundulus are readily revived by recut ting In 
Fig 1 is shown the tail of a moderately pale Fundulus on which 3 days 
previously a caudal band had been formed by cutting a ray near the root 
of the tail (lower band in the figure) After this band had fully blanched 
it was recut distal to the position of the initial cut with the result that the 
band was revived though with less intensity of shade than that of the 
original band At the same time that the second cut was made a ray 
slightly above the middle of the tail was also cut and a strong caudal band 
was thus produced as shown m Fig 1 This new band agreed in intensity 
with that of the first band when it was originally cut and could be used as a 
check on this band The condition of the melanophores as seen in the 
two bands and the normal tail m Fig 1 are shown in Figs 2, 3, and 4 In 
the normal tail (Fig 2) the melanophore pigment is nearly though not 
completely concentrated, a condition characteristic of a fairly pale fish 
In the newly formed band (Fig 3) the melanophore pigment is almost 
fully dispersed and in the recut band (Fig 4) this dispersion is pronounced 
though not so extensive as in the newly formed band Thus the gross 
appearance of the bands in the tail as well as the condition of the pigment 
m the three states of the melanophores agree in showing that a caudal band 
m Fundulus may be revived by recutting though the band thus reactivated 
is never so intense m its revived state as m its initial one 
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The revival of a band in Fundulus is not only thus possible but this pro 
cess may be repeated in this fish at least twice One example will suffice 
In a pale Fundulus in which a caudal band had blanched m about 11 hours 
the band was revived by recutting and was again blanched m about a day 
after which on a renewed cutting a third darkening took place This third 
response was by no means so pronounced as the second, but it was visible 
beyond a doubt. A fourth attempt failed to chat an unquestionable 
redarhemng This failure was probably due to the beginning of degenera- 
tion in the chromatic nerve fibers which makes itself m anif est usually in 
about 5 days after the initial cut (Parker and Porter, 1933) A simple 
reactivation of bands such as occurs in the melanophore system of Pundulus 
has also been observed in the erythrophore system of the dorsal fins in the 
squirrel fish Hdocentrus (Parker, 1937) 

The revival of blanched caudal bands m the catfish Amount: as described 
by me some years ago (Parker, 1934 b) has been questioned by Wykes 
(1938) and by Osborn (1938) Osborn in particular stated that although 
he recut faded bands in this fish repeatedly he never was able to produce 
a second darkening I reinvestigated this matter (Parker, 1940) and found 
that faded bands in both normal and hypophysectomlzed catfishes could 
be readily revived by recutting provided the fishes tested were kept in 
water at ordinary summer temperatures, about 20°C I attributed 
Osborn's failure In this respect to the low temperature at which he had 
worked, 12°C In a recent retesting of catfishes in water at this degree of 
cold I too was unable to obtain reactivation of bands This is in fine with 
Wykes' statement (1938) that at the winter temperature of 6°C the color 
activities of Amaurus are in almost full abeyance. 1 The revival of blanched 
caudal bands, though not without exception, has been reported for the 
Japanese catfish Parasllurus by Matsushita (1938) Catfishes are less 
satisfactory for testing color revival than Fundulus probably because of the 
slowness with which their hands blanch This step in Amaurus often takes 
some days and before the bands are pale enough to be recut their nerves 
have probably begun to degenerate and are thereby rendered incapable of 
response This I suspect may be the reason Vilter (1938, 1939 a, 1939 b) 
was unable to reactivate the bands in the dorsal fins of Gohus, though here 
too temperature may play a part Unfortunately this worker makes no 
statements as to the details of his procedure Certainly the overlapping 

1 The effect of differences in tempera tore on the chromatopbore c h a n ges in iftKrv(vdta 
has recently been recorded by Dalton and Goodrich (1937) who observed that the blanch- 
ing of dark caudal bands In this 6sh required more time (10— IS houn) at 20*C. than t 
29*C (5-8 hours) 
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of the areas of distribution of the chromatic nerve bundles which he has 
observed in the dorsal fins of Gobius can offer no explanation for the revival 
of caudal bands in Amemrus, for no such overlappmg occurs in the tail of 
this fish (Parker, 1934 b ) This in fact is one of the advantages of Ameturus 
for this type of work 

Although caudal bands and other like areas appear to be open to reactiva- 
tion wherever they are properly tested, it is quite unknown, so far as I am 
aware, what occurs in the larger areas of skin darkened by denervation 
Such areas as these, however, often covering a considerable part of a fish, 
were what called the attention of the earher investigators to this subject 
By cutting an appropriate bundle of nerves much of the head of a Phoxmus 
can be darkened (Smith, 1931), or a quadrant of the body of a P uniulus 
(Parker, 1936), or even the posterior half of a Macropodus (Kamada, 1937) 
Will these large areas blanch and are they open to the kind of revival that 
has been shown to occur in caudal bands? 

For convenience in this kind of experimentation the head regions of such 
fishes as Fundulus and Ameturus are very satisfactory and the cranial 
nerve best adapted for cutting in this part of the fish is the ophthalmic 
When in a pale Fundulus the orbit is opened dorsally and the ophthalmic 
nerve which lies on the roof of this cavity is severed, the corresponding half 
of the head from the snout to the eye and from the lateral wall to the mid- 
dorsal line darkens within about a minute This darkening increases for 
half an hour after which it gradually blanches until in a day or so it has 
largely disappeared It vanishes not by fading throughout its whole 
expanse, but by shrinking on its edges till the last part that is visible is a 
small dark patch dorsal to the eye When this experiment is carried out on 
fully dark kilkfishes, no change m the tint of their heads is to be noticed, 
for the heads of such fishes like the rest of their bodies are from the beginning 
very dark If in a pale Fundulus the ophthalmic nerves of both sides of the 
head are cut simultaneously, the head as a whole darkens after which it 
slowly and completely blanches These observations on Fundulus sub- 
stantiate fully those of Smith (1931) on Phoxtnus 

Similar tests on Ameturus can be earned out with greater convenience 
because of the large size of its head The responses of Ameturus , however, 
are relatively slow If the ophthalmic nerve m a pale Ameturus is cut by 
penetrating at an appropnate position the dorsal bony wall of the orbit 
with a narrow knife-blade, the half of the head concerned will begin to 
darken in about 10 minutes and will be fully dark in from 4 to 5 hours 
(Text-fig 1) After this the dark area will commence to lose its deep tint 
and m 30 to 50 hours will have become about as pale as the rest of the fish 
The blanching of this large cephalic area m Ameturus shows details which 
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are not visible in Fundulus The large cephalic area in Amaurus shrinks 
toward the eye as it does m Fundulus, but with greater irregularity of 
outline Before, however, the area m Amaurus has diminished greatly 
one or two pale spots appear within its contour (Text fig 2) These 
eventually coalesce and sooner or later unite with the shrinking irregular 
outline and thus contribute to the gradual disintegration of the area as a 
whole. In this respect the disappearance of the area m Amaurus is unlike 
that in Fundulus and very unlike the disappearance of caudal bands in 
either fish where the operation is strictly a shrinkage from the periphery 





Text Figs 1 2, and 3 Diagrams of the dorsal aspect of the head of a pale catfish, 
Amaurus ntbulosus showing darkened areas resulting from the cutting of the ophthalmic 
nerve 

Text Fio 1 A catfish head showing the extent of the darkened area (stippled) that 
resulted from the severance of the ophthalmic nerve through the initiating aperture I 

Text Fio 2 The same catfish head as shown m Text fig 1 a day or two after the 
Initiating cut had been made and showing the shrinkage o! the original dark area by 
lateral invasion and by internal disintegration. 

Text Fio 3 A catfish head like that shown in Text fig l whose dark area having 
been completely blanched was partly revived by a second and more distal cutting (R) 
of the ophthalmic nerve 

In Amaurus as in Fundulus the simultaneous cutting of both ophthalmic 
nerves is followed b> a darkening of the whole dorsal aspect of the head. 
Such very large areas m Amaurus disappear also by irregular internal 
disintegration as has been described for the darkened half -cephalic area in 
this fish From these observations on the kilhfish and the catfish I con 
elude that large areas darkened by nerve cutting in pale fishes can blanch 
as fullv as caudal bands can 

Are these large areas open to revival of coloration as are caudal bands? 
To test this catfish cs about 15 cm long were much more favorable than 
kilhfishes which at a maximum were about half that length By a trans- 
verse, vertical cut in the head of a pale catfish close to the region of the 
internal ear and on the extenor of the cranium, it was possible to sever the 
strand of autonomic nerve fibers supplied from the postenor part of the 
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system to the anterior cramal nerves As a result of such a cut the head 
soon darkened by melanophore expansion and then in a few days blanched 
If, when this stage had been reached, a second cut was made anterior to the 
first one and so that the ophthalmic nerve m the posterior part of the orbit 
was severed, the chromatic fibers for the top of the head could thus be cut 
for a second time As a result of this the half of the head m front of the 
new cut began to darken in about 30 mmutes after which the darkening 
continued for an hour or more till this somewhat smaller area was again 
decidedly dark (Text-fig 3) This test was earned out on five catfishes 
all of which gave essentially the same result In some the blanching of the 
first area came more quickly than m others and in some the second darken- 
ing was more pronounced than in others, but m all the initial dark area 
blanched m course of time and a final second darkening was always induced 
I therefore conclude that large areas darkened by the severance of chro- 
matic nerves such as the cephahc areas of the catfish not only blanch but 
may be revived by the recutting of their nerves as is true of caudal bands 

Other parts of catfishes on which somewhat similar tests can be made are 
the pelvic fins The advantage of these fins for such work was first pointed 
out by Wykes (1938) These fins, which are situated on the ventral aspect 
of the fish immediately anterior to the cloaca, consist of a very transparent 
membrane supported by some eight fin rays (Fig 5) They are provided 
with a sparse, rather uniformly scattered supply of well defined melano- 
phores (Fig 6) and are convenient for study in that the fin of one side of the 
fish may serve as a convenient control for that on the other side When a 
ray in the pelvic fin of a pale fish is cut, a dark band forms (Fig 7) as in the 
case of the tail The pigment in the melanophores of such a band is fully 
dispersed (Fig 9) as contrasted with that of the color cells in the rest of the 
fin (Fig 8) 

Each pelvic fin is innervated by some six spinal nerves which can be 
easily traced from near the vertebral column over the inner face of the body 
wall and into the fin By a single longitudinal cut through the body wall 
to the body cavity slightly dorsal to the root of the fin all these nerves can 
be severed Such a cut, about a centimeter long, can be easily closed by a 
few stitches Fishes thus operated upon live well, remain active, and have 
been kept in aquaria for 10 days or more 

When one pelvic fin of a catfish is thus denervated, it soon darkens and 
remains dark for some days This arcumstance led Wykes to remark that 
it is difficult to ascribe this persistent melanophore expansion to an injury 
discharge m the severed fibers smee it lasts unchanged for so long a time 
She was therefore led to assume another explanation, namely, that the cut 
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acted not by excitation but by the elimination of some central activity such 
as inhibition A simple experiment would have shown the error of this 
view 

In my tests on Amnurus a denervated pelvic fin was found to begin 
darkening in from 5 to 10 minutes In 2 hours or bo it was fully dark and in 
3 to 4 days it was blanched almost to the same degree of paleness as that of 
the fin of the opposite side It was now comparatively easy to cut m the 
blanched denervated fin a single ray with its nerve and to ascertain thereby 
whether reactivation was possible In all five fishes thus tested dark bands 
developed about the newly severed rays in strong contrast with the paleness 
of the fin as a whole (Fig 10) The pigment in the melanophores of these 
bands was obviously though not extremely dispersed (Fig 12) as compared 
with that in the melanophores of the other parts of the fin (Fig 11) 

Such darkened bands, which were observed in fishes kept at about 20°C 
could have depended in no sense upon the elimination of central influences, 
for, if there were such, they had already been excluded by the first cut 
The darkening as induced by the second cut must have originated in the 
cut itself In this respect the pelvic fins of Ameiurus respond to chromatic 
tests in the same way as the caudal fins of this fish do Thus all the evidence 
from nerve cutting including that from the pelvic fins, from the cephalic 
areas, and from the caudal bands, leads to one conclusion, namely, that 
when nerves with dispersing chromatic fibers in them are cut these fibers 
are not at once paralyxed but are especially activated whereby the melano- 
phores associated with them are induced to disperse their pigment and thus 
to darken the denervated area. 

3 Is the Activity of Cut Dispersing Nerve Fibers Protracted t 

It was my original opinion (Parker, 1934 o) based upon a study of the 
dispersing chromatic nerves in the tail of Fundulus that after severance, 
these nerves were excited from the region ol the cut distally for the ap- 
proximate period during which the dark caudal band was clearly visible 
This interval varied from a dozen or more hours to several days In the 
Japanese catfish, as pointed out by Matsushita (1938), a caudal band may 
be present for more than 2 weeks, a very long time over which to assume 
the continuous activity of a nerve Matsushita was therefore disposed to 
regard my suggested explanation as premature, and it is true that since this 
question was first discussed a number of new and significant observations 
have been made on the mechanism of color changes In fishes 

It is now generally admitted that at least three elements are u. 
the chromatic responses of catfishcs, These are the pituitary g' 


t 


490 MELANOPHORE BANDS AND AREAS DUE TO NERVE CUTTING 

two sets of autonomic nerve fibers one dispersing and the other concentrat- 
ing These three are very probably not the only elements concerned, but 
they are unquestionably the chief ones From the pituitary gland is 
derived the blood-borne, dispersing neurohumor intermedin, from the 
concentrating nerves adrenalin, and from the dispersing nerves acetyl- 
choline (Chin, 1939, Chang, Hsieh, and Lu, 1939, Parker, 1940) Osborn 
(1938) has shown that intermedin can be identified in the blood of a catfish 
m physiologically significant amounts some 70 hours after the loss of the 
pituitary gland So far as color changes are concerned this substance 
disappears from the blood of hypophysectomized catfishes within 5 days 
after the operation These observations show that intermedin is a reason- 
ably stable and persistent agent Adrenalin is known to remain active m 
the blood of the catfish for some hours after injection On the other hand 
acetylcholine unprotected by such substances as eserme is destroyed almost 
at once m the circulation of this fish Both acetylcholine and adrenalin, 
however, if earned m ohve oil, may be mtroduced subcutaneously mto 
catfishes m the form of coarse emulsions and under such circumstances 
these agents will remain effective as color activators for several days In 
oil acetylcholine and adrenalin are evidently protected from destruction, 
and their action is thus prolonged (Parker, 1940) Under natural condi- 
tions they probably enjoy a similar protection and extension of activity by 
residence m the hpoid matenals of the skin Is it possible that the experi- 
mental extension of the color phase after nerve cuttmg attributed originally 
by me to continued nerve action is due to this protection and persistence 
of the activating substances m fatty matenals? An answer to this question 
might settle not only this particular problem but other related ones m the 
general field of color change 

One means of attack on this question would be to ascertain by oscillograph 
methods whether chromatic nerve fibers after having been cut would con- 
tinue to show action potentials In making tests of this kind I am under 
great obhgations to Dr C L Prosser, then at the Marine Biological 
Laboratory, Woods Hole, and to Dr Hallowell Davis of the Harvard 
Medical School Caudal rays from four different fishes were examined 
for action potentials Each ray consisted of a flattened, imperfect, cartilag- 
inous tube through the cavity of which extended a bundle of nerve fibers 
conta mm g chromatic elements The nerves m some of these rays before 
tests were made had been activated about 18 hours earlier by cuttmg, others 
were freshly cut, and still others were uncut and used as controls In a 
group of eight rays four showed some electric activity, physiological or 
physical, beyond what could be identified as amplifier noises One of 
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these was a ray cut the previous night, two were freshly cut, and one was an 
uncut control. The other four rays three of which had been cut and were in 
excellent state for possible action potentials showed no trace of such activi- 
ties The sensitivity of this apparatus was about 2 microvolts Strong 
evidence that the nerve disturbances, where they occurred, were physical 
and not action potentials is their persistence for at least 3 min utes in a 
totally excised ray which had been liberally stroked with chloroform Dr 
Davis’s conclusion was that no activity that could be identified as physio- 
logical wa3 to be observed in any of the rays either activated or quiescent. 
This inability to observe such activity may be attributed to the large 
amount of shunting tissue and the insulating sheath of the ray itself for 
the removal of which no satisfactory technique could be found 

As contrasted with the caudal nerves in the catfish the ophthalmic nerve 
in this animal is readily accessible for oscillograph tests. When electrodes 
are applied to this nerve in the dorsal part of the orbit and the snout of the 
fish is gently stroked a burst of sensory impulses may be observed Results 
ol thi3 kind were noted in six of nine preparations Care was taken to 
distinguish between true responses and the artifacts due to bodily move- 
ments of the fishes, the movements of the nerve on the electrodes, and other 
like disturbances These observations showed the ready excitability of 
the ophthalmic nerve The cutting of this nerve near its central end was 
followed by an abundant volley of spikes. Attempts were then made in 
the region external to the ear capsule to cut the autonomic tracts to the 
exclusion of other nerve bundles and thus to excite only this particular 
component in the ophthalmic nerve But no such favorable region could 
be found, for at all places on the side of the head of the fish these tracts 
were accompanied by nerve fibers, probably lateral line components from 
the vagus complex, and it was impossible to cut one set of fibers without 
doing the same to the other Moreover the greatest length of the ophthal- 
mic nerve available for oscillograph tests m the catfish, about 1 centimeter, 
was too short for satisfactory work. Hence I was forced to abandon this 
type of test on the ophthalmic nerves as well as on the caudal nerves and I 
turned to other methods of attack on this question The most promising 
of these appeared to be some form of nerve interference whereby the 
chromatic impulses could be locally and temporarily blocked with the 
possibility of a subsequent return 

To this end one naturally reverts to anesthetics and other like substances, 
and for fishes to such agents as magnesium sulfate 

In preparing catfishes for tests with this salt they were enveloped in wet cheese -cloth, 
fastened sidewise on an inclined pine bench, and provided with a of 
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fresh water over their gills Their caudal fins were then spread out and rendered im- 
mobile by being held in place on the top of the wooden bench by push-pms Two short, 
parallel cuts were then made through the fin membrane and on opposite sides of a given 
fin ray To these cuts a drop of saturated, aqueous solution of magnesium sulfate was 
next applied on the assumption that this material would enter the cuts and soon reach 
the nerves A crystal of magnesium sulfate was also placed on the cuts to reinforce the 
solution After 40 minutes, to take a particular example, the given ray which had 
shown no darkening at all, was cut transversely at a point proximal to that at which the 
salt had been applied A neighboring ray the sixth from the anesthetized one was also 
severed at the same time as a control About 20 minutes later the control ray showed a 
darkened band, but the anesthetized one was only slightly darkened between the cut and 
the point at which the magnesium sulfate had been applied The fact that this ray was 
fully pale distal to the spot treated with magnesium sulfate showed that this salt had been 
an effective nerve block When this fish about an hour later was freed and allowed to 
swim m a white-walled illuminated tank, the distal part of the anesthetized ray became 
m the course of an hour or so moderately dark 

Thus for a period of about an hour the magnesium sulfate blocked some 
influence which, after the presumable loss of the salt, exerted upon the 
melanophores the same dispersing effect that cutting the nerve of the 
control ray had done Responses of this kind though of constant occurrence 
were sluggish and far from regular m their time relations They neverthe- 
less were of such a nature as to make it difficult to understand them except 
on the basis of a protracted activity of dispersmg nerve fibers 

An interesting feature m the tests with magnesium sulfate that should 
not be lost sight of was the irresponsiveness of anesthetized nerves to 
cutting When a nerve was anesthetized as described and after about half 
an hour was severed m the anesthetized region, no darkening appeared on 
any part of its length though a cut made distal to the region of anesthetiza- 
tion was soon followed by a darkenmg of the distal innervated area This 
condition points to the inexatabihty of the dispersmg nerve fibers when 
under the influence of magnesium sulfate m addition to their inability to 
conduct impulses, a state that is after all not surprising 

Although the responses of the dispersmg nerve fibers when treated with 
magnesium sulfate are significant, the uncertainty in their timing led me to 
try other forms of block Of these I found cold the most effective 

For the application of a cold-block a simple piece of apparatus was devised (Text- 
fig 4) This consisted of a glass reservoir (Text-fig 4, R) made from a bottomless, 
large bottle held inverted and containing about 1} liters of 50 per cent alcohol Into 
this liquid was lowered a long beaker weighted with lead and containing a supply of dry 
ice (Text-fig 4, D) By controlling the amount of ice the temperature of the alcohol 
mixture could be held at any desired point from — 15°C upwards The aperture m the 
bottom of the reservoir, the neck of the bottle, was tightly closed with a rubber stopper 
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from which a glass tube led to a short rubber tube which earned the blunt co! 
Text fig 4, IX) This was a piece of glass tubing the lower part of which was of c 



Text Fig 4 I Diagrammatic side view of the apparatus by which a colt 
could be applied continuously to a given ray in the tail of a catfish. II Enlarge 
of the glass cold-pom t. B sloping, wooden bench to which the fish F was att 
C, metal screw-clamp for the control of the flow of fluid through the rubber por 
the outlet-tube D long narrow beaker suspended from a rod, weighted with lea 
filled with crushed dry-ice as a means of cooling the liquid in the reservoir R, E, c 
the outflow of cold fluid after It has passed from the reservoir through the glass cold- 
F living fish wrapped in cloth and bound to the sloping wooden bench by a cord 1 
through books in the top of the bench, I Inlet of the glass cold-point tube O, ov 
beaker to receive the fluid escaping from the cold-point exit, P elbow In the glare 
point tube serving as the actual cold-point to be applied to a given ray in the fish 
R, glass reservoir filled with fluid usually 50 per cent alcohol, (hilled well belov 
by drydee, D and open to discharge through the oold-potnt tube S iron stand wi 
right iron rod by which the reservoir, R, is held in place by iron rings T, tail of tl 
pinned out immovably on the wooden bench and touched by the cold paint, W 
tube carrying a supply of fresh water to the mouth and gills of the fish for respir 

fineness and rather sharply bent upon itself at an acute angle. The remainder - 
capillary glass tube was turned to one side and directed In such a w*> as to serv 
convenient outlet (E) The rubber tube connecting the glass tube from the re* 
with that carrying the blunt cold point was provided with a metal screw-damp ( 
which the flow of fluid In the apparatus could be controlled. When the 
mixture was flowing through the tube It tan from the capillary exit at a 
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2 or 3° above that in the reservoir The temperature at the cold-point must have been 
between these two extremes With the temperature of the alcohol mixture in the reser- 
voir at about — 10°C that at the capillary exit was some — 7°C and a drop of water put 
on the cold-point, though exposed to the air, would soon freeze 

Below the cold-point was a small, movable, inclined, pine bench (Text-fig 4, B) pro- 
vided with hooks and a cord by which a live catfish (F) enveloped m cheese-cloth could 
be firmly bound on its side to the top of the bench By means of glass pushpins the tail 
of the fish (T) was spread out immovably on the bench and, by shif tmg the bench slightly 
any desired part of the fish’s tail could be brought into contact with the cold-pomt 
Thus the cold-pomt, whose diameter was a little over a millimeter, could be applied to 
any spot on the length of a caudal ray Fresh water from a rubber tube (W) was led 
into the mouth of the fish for respiration and flowed out over the gills to escape down the 
inclined bench Pale fishes thus attached to the bench could be tested over penods of a 
number of hours For some reason not wholly clear they gradually darkened on the 
bench till their condition was such that they were not very favorable for the inspection 
of their caudal bands However fishes that had been bound to the bench 7 to 8 hours 
were still serviceable and when liberated were fully active and showed no signs of having 
suffered from their confinement 

When a pale catfish was put m the cold-pomt apparatus and the fluid 
was allowed to flow through the point m position on the fish's tail at room 
temperature, 22°C , no change was observed m the fish except the gradual 
darkening already noted When after 15 minutes of flow the ray m contact 
with the point was cut near the base of the tail a complete, dark, caudal 
band was formed from the cut to the edge of the tail The same was true 
when the temperature of the escaping fluid was about 10°C When it was 
5°C the caudal band resulting from the cut was almost invariably incom- 
plete in that it could be seen only from the cut to the cold-block and not 
beyond that point distally At 0°C the block was always perfect and no 
dark band was ever observed distal to the block so long as tins outlet 
temperature was maintained With the temperature of the fluid at the 
outlet at 0°C that m the reservoir was usually 3 to 4° below zero When 
the outlet temperature was — 10°C a small cake of ice formed between the 
cold-pomt and the fish's tad This ice spread over a larger area of the tail 
than the area of the cold-pomt and as a rule covered about three rays On 
releasmg a fish thus treated it was found that the spot on the tail immedi- 
ately below where the ice had been was very pale and that the three rays 
covered by the ice were dark from the region of the ice almost to the edge 
of the tad, m other words the very low temperature of the ice cake acted 
upon the nerves of the rays as cutting them would have done It was 
evident from these preliminary tests that the satisfactory temperature for 
the cold-block was about 0°C , for lower temperature (- 10°C ), like nerve 
severance, mduced the formation of dark bands and higher temperatures 
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(10°C ) were insufficient to restrain the nerve impulses In operating with 
the cold block I therefore subjected the given rty of the fish to a tempera- 
ture of about 0°C for some 15 minutes and then proceeded to further 
experimentation I have seen nothing in my tests that would lead to the 
suspicion that this treatment was not wholly satisfactory 

The special experimentation earned out upon catfishes with the cold 
block had to do with the interval of time between the cutting of the blocked 
ray and the extension of the caudal band beyond the block itself after it had 
been removed and the fish liberated When a pale catfish was put in the 
cold block apparatus and the block, was applied at about QPC for a quarter 
of an hour, a severance of the chilled ray proximal to the block was followed 
by the formation of a dark caudal band from the cut to the block but not 
beyond it. This was so invanably the case that it mav be looked upon 
without question If 15 minutes later the block was then removed and the 
fish allowed to swim m a white-walled aquanum, the caudal band became 
extended in that it could be seen in about 10 minutes to cover the course 
of the ray from the cut to near the edge of the tail It thus came to occupy 
that part of the rav which was distal to the block and which before the fish 
was freed was fully pale It is difficult to understand this extension of the 
band except by assuming that that nervous activity which when the cut 
was made induced the formation of the proximal part of the band was also 
present to exate the production of its distal part. 

When tests similar to the one just described were earned out but with 
longer intervals of time between the cutting of the rav and the removal of 
the cold block, the results were precisely like the 15 minute test The 
extension of bands distal from the block occurred after intervals of 30 
minutes, 1, 2, 3, 5, and even 6J hours The longest of these periods was 
tried twice after which the released fishes showed no signs of exhaustion 
and developed dark distal bands obviously visible even against the fish’s 
own darkening background 

It has already been shown (Parker, 1940) that in the catfish, caudal bands 
may be formed, though not at full intensity, in hypophyscctomiied indi 
viduals. It Is therefore probable that the extension of these bands in pale 
fishes of long standing is not necessarily dependent upon the pituitary 
neurohumor intermedin To be reasonably secure of thi3, however, the 
block test was repeated on hypophysectomized catfishes Five fishes were 
deprived of their pituitary glands and were allowed a little less than a week 
in which to recover During this interval one died Of the four remaining 
fishes two were subjected to te3ts with the cold block over jienods of about 
5 hours each In both instances on freeing the fish a fairly dark extension 
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of the caudal band took place showing that this activity was dependent 
upon nerves The results from the tests on these two fishes then agree with 
those on fishes whose pituitary glands were intact and justify the general 
conclusion that the activity of severed, dispersing nerve-fibers shows a real 
protraction 

What the means of exciting such severed nerves are is not known I have 
elsewhere suggested (Parker, 1934 a) that excitation may be due to a chemi- 
cal activation of the severed ends of the nerves by substances liberated from 
the adjacent tissues in the cut itself Such an injury effect chemical in 
nature might well be compared with the kind of chemical stimulation of the 
cut ends of nerves as reported on recently by Fessard (1936), Brink and 
Bronk (1937), and others 

The fact that not only caudal bands but relatively large integumentary 
areas in such fishes as Fundulus and Ameiurus may be darkened by nerve 
cutting, then blanched, and finally again darkened by the recutting of their 
nerves affords a potent argument against the views that such types of 
darkening are due to either paralysis (Bnicke, 1852) or the exclusion of 
certain central nervous influences (Zoond and Eyre, 1934) Furthermore 
revived darkening demonstrates that vasomotor readjustments or other 
circulatory disturbances suggested as possible causes for integumentary 
color changes both pale and dark (Hogben, 1924, Lundstrom and Bard, 
1932, Young, 1933, Wykes, 1938, Wanng, 1938) are not essential to these 
changes, for the influence on the circulation of cutting a nerve must be fully 
expended with the first cut and yet the characteristic color changes reappear 
with the second one I am therefore of opinion that none of these factors 
are responsible for the occurrence of melanophore expansion when a given 
chromatic nerve is severed 

As tests with the cold-block show the kind of activation here seen may 
persist for at least some hours Such an extension of nerve activity is 
repugnant to most neurophysiologists Accustomed as they are to the 
momentary activity of a cut nerve as seen in the single twitch of its muscle 
or in the very brief volley of spikes exhibited in an oscillograph record of 
its responses they are averse to accepting the idea of an extended period 
of activity It must be remembered, however, that Adrian (1930) has 
shown that the cut nerves in cats and rabbits exhibit fluctuations of electric 
potential that may last for an hour or more and that when these fluctuations 
subside, they may be revived by recuttmg the nerves Barnes (1930) has 
also recorded that after the motor nerves of the walking legs in the crab, 
Cancer, are severed nervous discharges of long duration follow Hoagland 
(1933) in his study of the lateral-line nerves of fishes has shown that when 
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these nerves are cut centrally and freed peripherally from theLr terminal 
organs, neuromasts, they will exhibit injury discharges which may keep up 
for from 10 to 15 minutes More recently Prosser (1934) has demonstrated 
that the cut nerve to the chela of the crayfish will emi t high frequency 
discharges that ordinarily may be observed for 5 minutes after the prepara- 
tion has been made * These instances support the idea that after cer tain 
nerves have been cut the activity thereby excited may continue for a rela 
tively long period of time In the case of the dispersing autonomic nerve 
fibers in Ameturus this period may be as long as 6$ hours 

4 DISCUSSION 

In an earlier part of this paper it was pointed out that large skin areas 
which had been darkened by the cutting of their nerves blanched as com 
pletely as caudal bands did In some of these, such as the cephalic areas 
in Fundulus, the region became pale by lateral encroachment precisely as 
do the caudal bands in fishes generally The dark cephalic areas in 
Ametunu, however, blanched not only by lateral encroachment but also by 
internal disintegration Such lateral encroachments have been ascribed 
to the passage of a blanching neurohumor from the adjacent pale field into 
the dark area by a cell to-cell transmission (Parker, 1933) through the 
lipoid components of the cells (Parker, 1934 a, 1935) A ncurohumor of 
this land would be earned m oily matenal, a bpohumor, as contrasted with 
a water soluble agent or hydrohumor That this operation is due to an 
invasion of the dark area by a blanching humor and not to the loss of an 
opposing humor from the darkened region into the neighbonng pale area 
wa3 shown by Matsushita (1938) who demonstrated a blanching of a dark 
caudal band on its side next a pale innervated field and the absence of such 
blanching on its opjiosite side next a denervated pale field This explana 
tion of loss of tint by jiositive invasion applies well to blanching in dark 
caudal bands or in cephalic areas such as those of Ftindultts where the 
whole area disappears by lateral encroachment, but it fails to make clear 
the way in which internal disintegration of dark areas takes place Here a 
pale spot apjiears inside a dark region and enlarges quite independently of 
the periphery of that region Thu must be due to some other operation 
than lateral invasion 

* Waring (1938) states that CShaughnessy and Slome (1935) In their study of open 
mentally produced traumatic shock have established the persistent eSect ol Injury 
currents m nerves. However, the view expressed by these two authors though in my 
opinion very probably correct, U advanced by them not as a demonstration, as is 
by Waring but as a working hypothesis. f 
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What that operation may be is not easy to surmise It is very probable 
from the work of the last year or two that m Ameiurtis the nervous dispers- 
ing neurohumor is acetylcholine and the concentrating one adrenalin 
The blanching activities that have been discussed in the preceding para- 
graph must then be due to adrenalin This substance, as already stated, 
is moderately stable m the blood and lymph of the catfish where it may 
remam active for some hours after it has been injected It partakes of the 
nature both of a hydrohumor and of a hpohumor, for it may be earned both 
in water and in oil In my opinion the two steps in the blanching of such 
a dark region as a cephalic area in the catfish represent these two conditions 
of adrenalin The lateral encroachment on such a dark region is due, I 
beheve, to the action of adrenalin as earned in the hpoids of the adjacent 
tissues, and the internal disintegration results from the action of this 
substance as earned in blood and lymph directly under the melanophore 
layer Thus lateral encroachment is an invasion by way of the skin and 
internal disintegration a subdermal invasion This at least is an explana- 
tion of the total blanching of catfish cephalic areas to which I have not 
been able to find serious objection According to this view the peripheral 
blanching of caudal bands and dark areas is due to adrenalin as a hpohumor 
and the internal blanching of dark areas to the same agent as a hydrohumor 
This leads to a suggestive interpretation of the blanching of the pelvic fins 
in Aineiurus In my study of this phenomenon I have never seen any 
evidence of a progressive peripheral loss of shade in these fins such as is 
characteristic of caudal bands and other dark areas When the pelvic fin 
blanches it blanches tn toto and with great uniformity Such an operation 
is what would occur if the blanching resulted from the action of adrenalin 
as a hydrohumor, i e , adrenalin dissolved in watery lymph This I beheve 
to be the case and in truth when a dark catfish is injected with the appro- 
priate amount of adrenalin its pelvic fins blanch in precisely this way 
This general view of the double action of adrenalin depending upon the way 
m which it is earned is obviously hypothetical, but as an hypothesis it 
appears to meet all the requirements of the situation 

From what has been presented m the preceding pages it is evident that 
the dark enin g of Aineiurus is dependent upon two neurohumors, acetyl- 
choline and intermedin Although these two substances in general act in 
the same way on catfish melanophores, they are not precisely similar from 
an operational standpoint It is now well established contrary to my 
original opinion (Parker, 1934 b, Osborn, 1938, Parker, 1940), that of these 
two materials intermedin is the more effective as a chromatic activator 
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At full dispersion the pigment of a macromelanophore in Ameiurus may 
cover an area whose diameter is about 145 microns This degree of dis- 
persion can be accomplished often with intermedin alone, as for instance on 
completely denervated melanophores m a caudal band, but in a hypo- 
physectomired fish where acetylcholine from nerves is the exclusive dispers- 
ing agent only from a quarter to a half of this amount of pigment dispersion 
is possible. Hence acetylcholine is much less effective than intermedin as 
a means of darkening catfishes 

Although acetylcholine is second to intermedin as a melanophore activa 
tor in this fish it is probably a somewhat earlier agent in initiating darkening 
A hypophysectomixed palish catfish fully devoid of any functionally sig 
mficant intermedin and in consequence dependent upon dispersing nerves 
and their acetylcholine for darken mg will begin this process in half an hour 
after the fish has been put in a black walled, illuminated aquanum As 
contrasted with this a denervated, pale, caudal band in a pale catfish will 
start darkening only a number of hours or even a day or more after the fish 
has been placed in a similar aquanum Thus the nervous agent, acetyl- 
choline, probably really initiates the darkening process in the catfish and is 
followed and supported only after a considerable interval by the pituitary 
secretion intermedin Hence in a second respect the two darkening agents, 
intermedin and acetylcholine, are noticeably different 

So far as the mam question of this research is concerned — the protracted 
activity of cut chromatic nerves— only an incomplete answer can be given 
The evidence herein presented strongly favors the view that dispersing 
autonomic nerves when cut pass into a state of activity that is greatly 
protracted in comparison with that of other cut nerves This extension of 
activity may last for at least 6j( hours and during that time there is good 
evidence for a continued discharge of acetylcholine. That this activity 
may last for days or weeks cannot be asserted though there is no 
evidence, so far as I am aware, to the contrary During the life of a dark 
caudal band which in Futidulus may be a day or more, m Ameiurus about 
a week, and in Parasilurus some 2 weeks, the earliest part of this period 
in Ameiurus at least is marked by continued nerve activity with the 
steady discharge of acetylcholine This state may possibly continue with 
gradual abatement throughout the rest of the life of the band or it may 
be gradually replaced by a darkening operation dependent upon excess 
acetylcholine stored in the neighboring hpoid3 or it may involve both 
processes Of course during the greater part of this whole period the caudal 
band is accentuated by the presence of the hydrohumor intermedin 
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5 SUMMARY 

1 When appropnate chromatic nerves are cut caudal bands, cephalic 
areas, and the pelvic fins of the catfish Ameiums darken In pale fishes 
all these areas will sooner or later blanch By recutting their nerves all 
such blanched areas will darken again 

2 These observations show that the darkening of caudal bands, areas, 
and fins on cutting their nerves is not due to paralysis (Brhcke), to the 
obstruction of central influences such as inhibition (Zoond and Eyre), nor 
to vasomotor disturbances (Hogben), but to activities emanating from the 
cut itself 

3 The chief agents concerned with the color changes m Aineiurus are 
three intermedin from the pituitary gland, acetylcholine from the dispers- 
ing nerves (cholinergic fibers), and adrenalin from the concentrating nerves 
(adrenergic fibers) The first two darken the fish, the third blanches it 
In darkening the dispersing nerves appear to initiate the process and to be 
followed and substantially supplemented by intermedin 

4 Caudal bands blanch by lateral invasion, cephalic areas by lateral 
invasion and internal disintegration, and pelvic fins by a uniform process 
of general loss of tmt equivalent to internal disintegration 

5 Adrenalin may be carried in such an oil as olive oil and may therefore 
act as a hpohumor, it is soluble in water and hence may act as a hydro- 
humor In lateral invasion (caudal bands, cephalic areas) it probably acts 
as a hpohumor and m internal disintegration (cephalic areas, pelvic fins) 
it probably plays the part of a hydrohumor. 

6 The duration of the activity of dispersing nerves after they had been 
cut was tested by means of the oscillograph, by anesthetizing blocks, and by 
cold-blocks The nerves of Aineiurus proved to be unsatisfactory for 
oscillograph tests An anesthetizing block, magnesium sulfate, is only 
partly satisfactory A cold-block, 0°C , is successful to a limited degree 

7 By means of a cold-block it can be shown that dispersing autonomic 
nerve fibers m Aineiurus can continue m activity for at least 6| hours 
It is not known how much longer they may remain active So far as the 
duration of their activity is concerned dispersing nerve fibers m this fish 
are unlike other types of nerve fibers usually studied 

The work recorded in this paper was done in part at the Harvard Biological Labora- 
tories and in part at the Woods Hole Marine Biological Laboratory and I wish to express 
here my sincere thanks to the personnel of these two institutions for their kindly coopera- 
tion and ready help 
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EXPLANATION OF PLATES 

The photomicrographs on Plates 1 and 2 were taken by Miss Jane Bridgman 

Plate 1 

Fig 1 Tail of a moderately pale killifish, Fundulus helcroclilus, showing, above, a 
newly exated caudal band fully dark and, below, a re-exated caudal band moderately 
dark The re-excitcd band when first cut was as dark as the newly exated one seen in 
this tail It was then allowed to blanch fully after which it was re-cut It then dark- 
ened considerably but not completely 

Figs 2, 3, and 4 Photomicrographs illustrating the conditions of the melanophores 
in different bands m the tail shown in Fig I 

Fig 2 Melanophores from a pale band with almost fully concentrated pigment 
Fig 3 Melanophores from the newly cut band, pigment almost fully dispersed 
Fig 4 Melanophores from the re-exated band, pigment fairly dispersed, but not 
as much so as in the newly exated band (Fig 3) 






Plate 2 


Fig 5 Photomicrograph of the pelvic fin of a pale catfish 
Fig 6 Melanophores from the fin shown m Tig 5, pigment fully concentrated 
Fig 7 Pelvic fin of a pale catfish showing near the middle a dark band produced b) 
cutting a ray 

Fig 8 Melanophores from an uncut ray in the fin shown in Tig 7, pigment fully 
concentrated 

Tig 9 Melanophores from the dark band in Tig 7, pigment fully dispersed 
Tig 10 Pelvic fin of a pale catfish full}' denervated by having had all the nerves 
which entered the fin seeered in the body of the fish before they reached the fin After 
this fin had blanched one ra\ was cut whereupon this ray darkened somewhat 

Fig 11 Melanophores from a blanched ray in the fin shown in Fig 10, pigment almost 
fully concentrated 

Fig 12 Melanophores from the cut ray m the fin shown in Fig 10, pigment partly 
but not fulh dispersed Compare with Fig 9 


THE JOURNAL OF GENERAL PHYSIOLOGY VOL 24 


PLATE 2 



CT* rici llttutopfwr* tundi and imi du* l mrrrt cnttlwjJ 




THEORY AND MEASUREMENT OF VISUAL MECHANISMS 

TV Cum cal Intensities foe. Visual Flicker, Monocular 
and Binocular 

Br W J CROZJER AND ERNST WOLF 
( From tbs Btologual Laboratories , Harvard Untverniy, Cambridge) 

(Received for publication, October 23, 1940) 

I 

On comparing monocular and binocular critical points for visual flicker, 
within the fovea, it was found by Sherrington (1902, 1904, 1906) that for 
similar phases of interrupted fllummation falling synchronously on each 
retina there was very little reinforcement, so that the binocular fusion 
frequency was almost the same as when using one eye (or a little higher) 
The observations were made at a comparatively high flash intensity, 
and thus at a high flash frequency, save for some incidental tests No 
mention was made of differences in critical flash frequency for the right and 
left eyes of an observer, such differences are always revealed by systematic 
tests, in our experience, although at the upper end of the F log I contour 
they may not be easy to detect 

Sherrington’s data and the conclusions he drew from them, involving 
other phase relations in the interruptions of light to the two eves, are 
frequently referred to in connection with the general problem of “binocular 
summation;" doubtless others have noted similar findings, but the basic 
question seems not to have been carefully re-examined It has never 
been made entirely dear just in what respect such observations should be 
expected to reveal evidence of "summation,” and m default of a theory of 
the flicker response contour naive expectations might very well be obscure 
In now making a re-investigation of the relations between monocular and 
binocular flicker thresholds a chief point has been to establish under op- 
tically simple conditions the relation of the binocular flicker response 
contour to that obtained for each eye taken separately This has not 
heretofore been done. It Is necessary also to have quantitative informa- 
tion as to the t anabdily of such measurements. Relatively complete con 
tours must be obtained for each eye taken separately belore any real 
discussion of “binocular summation” can be attempted It cannot be 
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predicted that the relations at low flash frequencies, where the frequency of 
subjective flicker corresponds to the actual flash rate, will necessarily be the 
same as at high intensities where it does not, nor can the relations be- 
tween subjective bnghtness-at-fusion, flash intensity, and critical frequency 
be adequately studied without knowledge of the whole curve 

We have purposely employed for the present experiments a centrally 
fixated image large enough to provide an excitable extra-foveal area, thus 
extending the data to the “rod” segment of the duplex performance curve 
The flash cycle used for the mam observations gave equally long hght and 
dark intervals In other experiments, dealt with m communications 
immediately following, we discuss m detail the effects of altering the retinal 
position of this image, the r 61 e of the light-time fraction, and the relations 
of the several response contours to the wave-length composition of the 
hght 

The interrelation between the influences of these variables is of especial 
significance for the theory of the flicker effect For our immediate pur- 
pose, however, it is important that the same procedure is shown to be 
successful in analyzing the response contours obtained in these different 
experiments, the parameters which this analysis reveals may thus be used 
with confidence for the general comparison of the flicker excitation func- 
tions when one eye, the other, and both, are concerned under the same 
physical conditions Two practiced observers were used Certain repro- 
ducible differences exist in the visual performance contours of these two 
individuals Many additional data are now available for them, and 
confirm the finding that the same method of analysis applies when the 
variable of “individual difference” is concerned The existence of such 
quantifiable differences of course shows why it is unwise to “average” data 
from different subjects, indeed this is really forbidden, only by accident 
could such averaged data exhibit theoretically significant properties 

n 

The visual discriminometer already described m detail (Crozier and Holway, 1938— 
1939 a) was employed to form equivalent images in one or the other or both eyes The 
nght-hand beam in the nght-hand arm of the instrument was brought to a focus beyond 
the mirror Pi (Crozier and Holway, 1938, 1939 o, Fig 1) in the plane of an accurately 
cut sector-disc (This was possible by removal of the brass collar visible in Crozier 
and Holway, 1938-39 a, Fig 2) Beyond the sector-disc the beam was collimated 
and focused on the slit Si in the usual way (Crozier and Holway, 1938-39 o, Fig 1) 
The disc was driven by a controlled-speed motor and gear system, the revolution fre- 
quency v,as determined from milhvoltmeter readings of the potential developed by a 
sensitive magneto geared to the driving shaft (cf Crozier and Wolf, 1939-40 d, etc) 
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By using sectors with six or eight openings and a senes of interchangeable gears, steadv 
flash frequencies ranging from 2 to about 80 per second could be secured by control of 
resistances in the motor circuit The general plan of the apparatus is seen in Fig 1 

The procedure a as to secure observations with the left eye first, then with the nght, 
then with both used simultaneously The findings a ere then checked by taking readings 
with one ev e, then with the other, then with both, during smgle sittings Each senes 
of measurements was preceded bv at least 30 mmutes dark adaptation, for work at the 
lowest (2 to 20) flash frequencies, 45 to 60 mmutes A quite regular procedure of 
relaxation during the interval of dark adaptation is important in securing regulanty of 
response Comfort for the observer is insured by the air-conditioned atmosphere of 
the dark room A penod of sev eral mmutes adaptation to each critical fusion mtensitv 
level precedes the taking of observations Each group begins with the lowest flash 
frequence F desired m that particular set, and the value of F is then fixed at successiveh 
higher levels by small steps, with appropnate rest penods during the senes Suc- 
ceeding groups of determinations are so arranged that there is a partial overlapping of 
the F ranges, data are taken at eight to ten levels of Fin one sitting per day 

It is important for precise observations, taken m such a way as to make possible the 
studv of the vanabihtv of readings, that the observer does not control the apparatus 
in am wav This permits the observ er to enjoy relaxed concentration w hile reducing 
the possibility of head and e\ e mov ements despite the use of the headrest It also helps 
to assure reasonable uniformity in the wav in which the end-point is approached After 
several preliminary trials at each F the approximate value of the critical mtensitv is 
known to the person operating the instrument Then, beginning at a flash mtensitv 
about 0 20 log unit below this value, the optical wedge (Crozier and Holway , 1938-39 a, 
Fig 2) is moved at a nearly constant rate until the observer signals that the mtensitv 
for recognition of flicker has been reached This is repeated until ten readings have 
been taken The observer may signal orally , or bv means of a foot-sw'itch turning 
on a small red pilot light 

We hav e used systematically the determination of the flash intensity 7 7 critical for 
recognition of flicker (“ Fhmmern ”), at fixed flash-frequencies F The curves so pro- 
duced are of course not quite the same as those for the flicker fusion intensities obtained bv 
lowering I at fixed F until fusion is observ ed , the latter are found to be of the same form 
but of course tend to be a httle below on the mtensitv scale (Fig 2) , the variability of 
the critical fusion mtensitv tends to be a little higher than for the critical flicker mtensitv 

The discnimnometer sht was adjusted to produce on the retina a square image 
subtending ca 6 13° on a side In the present experiments the image was centrally 7 
fixated For work at the lowest intensities, a minute red dot produced bv a beam in 
the left-hand arm of the discnmmometer (cf Fig 1, and Crozier and Holwav , 1938-39 a, 
Figs 1 and 2) serv ed as a fixation pomt m the center of the square Its mtensitv could 
be so adjusted as to make it visible onlv when focused m the fovea (relaxed accom- 
modation) The cross-section of the beam at the ey e-nng is such that its area is less 
than that of the fullv contracted pupil ( cf Crozier and Holw av , 1938-39 a) The square 
image extending 3°-F verticallv and horizontally from the fovea includes that part of 
the retina known for the particular observ ers to be of highest intrinsic threshold Some 
data for W J C are m Crozier and Holwav (1938-39 b, 1939-40), the exact form of the 
curv e for threshold mtensitv as a function of distance from the fov ea, of course, depends 
on the size of the test-patch and on the exposure time, as we know from other work with 
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these obwrven *nd the excitability of * given retinal area as a whole behaves as a unit 
in which the observed e x citability is determined by the concurrent excitation of spatially 
contiguous regions ( cj Crosier and Holoray, 1939-40) 

m 

Data obtained by the procedure outlined in section II, for E W and 
W J C as observers, are listed in Table I In considering the properties 
of such data we have first to deal with the question of intrinsic reliability 
This has two separable aspects These are (1) the reproducibility of the 
mean values of the critical flicker intensifies, and (2) the quantitative 
properties of the variation among the individual readings The passible 
rflle of a particular apparatus and manipulative procedure can be checked, 
in evaluatmg the matter of reproducibility, by studying the form of the 
F log I contour as already obtained for the same observers by a quite 
different technic (Croiier, Wolf, and Zerrahn Wolf, 1937-38 b) 

We are fortunate in having sets of data on two trained observers of dis- 
similar ages, obtained with two different pieces of apparatus. We also 
have indices of the observed dispersions in the homogeneous sets of measure 
ments of which the averages are utilised for the analysis It should 
scarcely need emphasis, but apparently still does, that in the absence of 
measures of scatter there is really no objective criterion of curve fitting to 
test a descriptive hypothesis It is a characteristic of much of the litera 
ture of visual theory that this basically significant information is practically 
never provided Lacking it, any statement that the curve derived from a 
specified theory of the underlying mechanism “describes” the observations 
is, strictly speaking, without meaning unless the parameters of the pro- 
posed description can be demonstrated by independent tests to possess the 
properties the hypothesis implies 

There are two organically different sources ol variation in measurements 
of the kind which concern us here These are (1) the differences between 
individuals, and (2) the fluctuating performance of an individual We are 
excluding for the moment those variations and differences due to instru 
mental or manipulative causes, these appear partially in (2), but can 
influence (1) also, since different individuals may of course react diversely 
to manipulative differences It has been a very general practice to seek 
to increase the significance of measurements of visual oxdtabilit) by using 
a large number of observers (again, usual]) without dispersion indices) 
Since the several parameters of an excitability function can and do vary 
quite Independently, the quantitative significance of these mean data is 
l In doubt even if the same individuals arc employed the same number of 



TABLE I 

Mean critical flash intensities I m (millilambcrts) for response to visual flicker at different flash frequencies F per sec Each log I m is the logarithm 
for the average of 10 (ml ) readings of h, the logarithm of the dispersion of these 10 is given as log P E , /, For each of the two observers data arc 
given as derived from the use of the left eye, of the right eye, and of both eyes under conditions of binocular fusion, in independent senes of meas- 
urements 
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times, with the same procedure, at each of the points on the excitability 
contour All that can then be said, really, is that such data partially 
express the experimenter's conception of the "normal state ” However 
great the value of this might conceivably be, it is after all not the primary- 
concern m researches supposedly designed to elucidate the nature of visual 
excitability Cases do arise in which a group of individual organisms can 
be shown by analysis to be effectively a homogeneous group as regards 
excitability (cf Crozier, 1935, Crozier, Wolf, and Zerrahn-Wolf, 1936-37 a, 
b, 1937-38 a , 1938-39 a, etc ) This cannot in general be done for groups 
of human observers The only basis for sense m this matter is the use of 
adequately numerous data on single observers, with the indices of varia- 
tion permitting use of objective criteria as to whether a sufficient degree of 
homogeneity m the measurements does exist 

Just how serious differences can be between observers surely “normal” 
is sufficiently exemplified m Fig 3 “Averages” from such curves would be 
meanmgless The contrasts apparent m Fig 3 are of an order quite dif- 
ferent from the fluctuations of successive determinations with one observer 
The properties of these fluctuations are quantitatively definable m a simple 
way, and have a usable significance 

For each of the observers in the present experiment we already have 
available (Crozier, Wolf, and Zerrahn-Wolf , 1937-38 b ) flicker response con- 
tours with the left eye, using a quite different apparatus The centrally 
fixated image was square, and larger (14 3° on a side) than in the present 
case The “rod” component of the duplex curve is therefore more prom- 
inent For the older observer (W J C) there is in the “cone” branch of 
the curve (Fig 4) no real difference between the new data (Table I) and 
those already published For E W , younger and more likely to be at 
an age for more rapid visual change, a real although shght difference is 
evident For the rod ( i e , extra-foveal) part of the response contour we 
have a rather str ikin g difference between E W and W J C , for the latter 
the rod segment rims to lower intensities Qualitatively, this difference 
is likewise seen m the older data, where the larger test-area is responsible 
for a larger rod segment with each observer The important point is 
that the cone data are shown to be essentially reproducible, quantitatively 
(with due respect to the age factor), and likewise the qualitative character 
of the relative rod contribution, independently of the apparatus used and 
over a period of several years 

Referring once more to Fig 3, a further comment must be made concern- 
ing homogeneity, averaging, and the estimation of comparative excitabil- 
lties It is obvious that when the homologous performance contours for 



log Im 

Fig 3 Comparison of (binocular) flicker response contours for two observen, under 
the same condition* of observation (Table I) 


l i l l 1 0 1 t 3 
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Fig 4 Comparisons of F log /» contours obtained with two different pieces of 
apparatus, at an interval of 2.5 years, for two observers Open 
Croner Wolf, and Zerrahn W r olf, 1937-38 6 solid dots, data of 
(Table I) The older data with a 14.3 square field the newer 
ti — 050 white light. See text. 
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two individuals cross one another— a situation not at all unusual— the 
only possibly valid method of comparing their performance capacities 
mvolves and depends upon the theory of the contour as a whole (cf Crozier 
and Pincus, 1929-30, Crozier and Wolf, 1938-39, 1939-40 a, etc ) It is 
also clear that no simple transformation of the curves, such for example 
as equating the maximal or the median excitabilities, will brmg the two 
curves mto even approximate uniformity In a similar way the com- 
parison of excitabilities using the right and left eyes of one individual is 
also faced with the necessity of using complete performance contours 

iv 

The data of the flicker response threshold for the comparison of results 
using one eye, the other, and both, with white light (Table I), are plotted 
in Figs 5 and 6 For each of the observers it happens that in ordinary 
use the left is definitely the dominant eye Yet, as we know from much 
other data (especially for W J C ), “absolute” visual thresholds under 
given conditions are lower for the right eye They also tend to be lower 
for E W than for W J C , although at given levels of h the values of 
AI are lower for W J C As already shown in Fig 3, the F-log I contours 
for the two observers cross For each of them the log I m values are per- 
sistently lower for the right eye than for the left, while at the fusion fre- 
quency and intensity the field presented to the right eye (R) is subjectively 
brighter than that seen by the left (Z,), although the intensity is lower 
These effects are m general accentuated when colored fights are used 
They cannot be accounted for by imperfections of the binocular head of 
the discnnunometer or its matched oculars This is easily checked by 
repeatmg the tests with one eye through the ordinarily opposite limb of 
the head 

The difference between R and L is systematic and statistically signifi- 
cant, but it is not constant It is a matter of the form of the entire F-log 
I m curve, just as m the comparison illustrated in Fig 3 For E W , the 
R and L curves actually cross near the upper end We shall consider the 
form of the R and L curves in some detail before taking up the binocular 
( B ) curves, smce the intercompansons depend upon the use of assignable 
values of the parameters The analysis of the variation data is then 
separately considered, m section VI, smce it has an important bearing, of a 
km d apparently not hitherto suspected, upon the decisions which can be 
made concerning binocular summation 

It has been shown for an adequate variety of organisms that when there 
is evidenced the visual activity of a simplex performance system the 



r/» c. 
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relation between F and log I is accurately described over its whole extent by 
a normal probability integral (Crozier, Wolf and Zerrahn-Wolf, 1938- 
39 a, b, c, Crozier and Wolf, 1940-41 a, b) The external form of the optic 
surface in the typical arthropod eye distorts this curve, m a predictable 
way (Crozier, Wolf, and Zerrahn-Wolf, 1936-37 b, 1937-38 c, Crozier and 
Wolf, 1939, 1939-40 a) The use of this particular descriptive function 
rests only in part upon its obvious success in adhering to the data, a more 
decisive justification is found in the nonspecific rules for the modification 
of its parameters when the temperature of the organism, the hght-time 
fraction m the flash cycle, and certain other variables, are systematically 
altered (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 d, 1938-39 a, Crozier 
and Wolf, 1939-40 d, etc ) 

By the use of this function a separation has been made of the two groups 
of neural effects apparent in the duplex performance curve typically ob- 
tained with vertebrates (e g , Crozier and Wolf, 1938-39, 1939-40 b ) 
This procedure has also been apphed to flicker response data for man 
(Crozier, 1937, Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b) In the case 
of various fishes studied, the analysis provides descriptions of groups of 
neural effects so widely separated on the log I axis that no interference is 
detectable between the nsmg curves of the two populations (Crozier and 
Wolf, 1938-39, etc ) This is proved by the fact that the shape of the curve 
gives the same form constant when the curve as a whole has been shifted 
by altering the temperature or the light-time fraction in the flash cycle, 
even when the two portions of the duplex contour are not affected to the 
same extent The important point m this connection has to do with the 
invariance of the shape constant for the low intensity segment of the 
curve The behavior of this constant in cross-breeding experiments with 
fishes is — like that of the shape constant for the upper segment — entirely 
consistent with the idea that for these cases the shape constant in ques- 
tion is an organic invariant {cf Crozier and Wolf, 1938-39, 1939-40 b ) 

The situation is significantly different for some vertebrates in which 
the overlapping of the low and high intensity populations of effects is more 
complete (as seen with man, frog, Tnturus, Fundulus Crozier, Wolf, 
and Zerrahn-Wolf, 1937-38 b, Crozier and Wolf, 1 939-40 c, <?,/) In these 
latter cases there is reason to believe {cf particularly the following paper 
Crozier and Wolf, 1940-41 c) that the actual form of the nsmg low inten- 
sity segment of the F- log I curve is the outcome of neural integrations 
resulting m the partial suppression of effects in the low intensity group 
The evidence for this is chiefly denved from experiments in which both 
wave-length of hght and the hght-time fraction are vaned, and m different 



In these discussions we have been well aware of the traditional assump- 
tion that the low intensity segment of such duplex curves of vertebrate 
visual performance Is due to the activation of retinal rods, the high intensity 
segment to the activation of retinal cones This assumption has tended to 
take the form {cf Hecht, 1937) that the quantitative properties of the two 
segments direct!} represent and measure respective quantitative properties 
of the rods and cones as excitable units. For this proposition, ex 
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treme form, no real basis whatever can be found As a matter of con- 
venience m reference, however, we have used the designations “rod” and 
“cone” for the two sections of the duplex contour, the quotation marks sig- 
nify that we do not take the form of the curves to represent in any direct 
way the characteristics of the retinal sensory cells 



Fig 9 The extrapolation of the curves in Fig 7 and the difference curves obtained 
by subtraction from the data of Fig 5 



Fig 10 The lover segment of the data for E W (Fig 6) analyzed as in Fig 9, 
on the basis of Fig 8 

The cone portions of the data of Figs 5 and 6 are shown on a normal 
probability grid in Figs 7 and 8 Confining attention for the moment 
to the R and L measurements, it is seen that m each case the value of 
jFW required for an adequate fit is definitely higher for L With W J C 
the slope constant (<r'i oe /) is a little higher and the abscissa of inflection 
/ a little lower (0 15 log unit) for R With E W the situation is essen- 
tially the same The criteria for an adequate fit are rectihneanty on the 
probability gnd and the parallel margins of scatter of the points The basis 
for the use of the latter criterion is indicated in section VI 

Following the process already used in the study of many other cases 
already referred to, the probability integrals of Figs 7 and 8 have been 
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extrapolated toward F - 0 (Figs. 9 and 10), by ordinate differences the 
rod contnbntions shown as dotted lines are then obtained The rising 



Fio 11 The dissected-out ‘rod” curves of Fig 9 (W J C.) transferred to a prob- 
ability gnd for R, dots with right-side tag, for L with tag on the left circlets, B The 
values used for Fan*, are R, 10.5 £, 10 0, B, 10 1 The points plotted are read from 
the dotted curves in Fig 9 



Fig 12 The isolated rod ’ curves for E. W (Fig 10) cm a probability gnd, as In 
Fig 11 The values used for F T ***. are F, 5.5 £,4.5 B, 5 2 

and the falling branches of these dotted curves also exhibit rectilmeanty 
upon a probability gnd (Figs 11 and 12) The raw rod data (Figs. 5 
and 6) do not. For W J C and E W the corrected rod Fb« is definitely 
higher for R than for L, the slope constant is higher, and t' less. The 
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lining curves do not differ much in cr , i OK j or in /, the evidence for con- 
ermg the form of these decli n ing curves as resulting from inhibition of 
I* effects by cone effects is considered elsewhere (Crozier and Wolf, 
18-39, 1940-41 c, d) 


v 

r igs 5 to 12 inclusive also con tarn the measurements for the mean brnocu- 
(B) flicker thresholds We shall consider the B parameters m relation 
those for R and L before dealing with the variation data (section VI) 
th are necessary for the theoretical analysis, and they supplement one 
>ther in perhaps unexpected ways It is necessary also to record some 
jective effects concerning brightness 

is shown m Figs 5 and 6, the mean B thresholds for E W adhere 
aer closely to, or are a little below, those obtained for the eye (R) with 
er threshold, over most of the F range, at the two ends of the range, 
rever, they agree rather well with those for the other eye (L) For W 
the B data fall in between the R and L measurements except at the 
y top, it cannot be said that they are the arithmetic mean or the geo- 
:nc mean of the R and L figures, however, as with E W , the form 
the B curve is not the same as that for either eye used alone Ob- 
usly, no statement comparing simply the effects of monocular with 
Dcular flicker excitation can be unambiguous in the absence of detailed 
trmation over the entire explorable range While it is true that condi- 
is can be found (as near the crossing pomt of the R and L curves for 
W , Fig 6) such that a very small difference exists between B and R, 
this is not the characteristic state of affairs Although it is true, as 
mngton (1904) described, that the B vs R, L difference is slight, it is 
ertheless real and systematic 

'he B contours are analyzed into their constituent branches in Figs 
i 12 The probability integral formulation is just as effioent as for the 
locular data It emerges that with W J C the B cone value of Ems* 
^finitely higher than for R or L, the slope constant cr' i og i is intermediate, 
the abscissa of inflection t is exactly intermediate With E W 
the other hand, the B I m , T is not certainly different from that for L, 

. j is less than for either R or L, but t is again intermediate It is to 
idded that when the light-time fraction is systematically modified, and 
a given wave-length composition, in a given retinal region, the value 
he <j' ioc i for the rod (rising) curve as analyzed out is found to be m- 
lant despite the unequal shifts of the rod and cone contributions, the 
aficance of this for the statistical basis of the observed functions is 
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mentioned elsewhere (Crazier and Woli, 1940-41 c, d, e) Thus the state- 
ment which can be made for these two observers is that log I m for the in 
flection of the binocular cone F log I contour is rather precisely intermediate 
between that for the nght and the left eye monocular observations It is 
exhibited in these results that there is no necessary correlation between 
the changes in the three parameters of the probability summation, — as is 
also clearly demonstrated by the various experiments in which the curve 
is modified experimentally ( cf Crosier and Wolf, 1940-41, c, d, e) 

The "B" rod curves obtained in Figs 9 and 10 are analyzed m Figs 11 
and 12 For the IV J C curve the B F^a is about that for L, but the 
rising curve does not differ otherwise from that with R The E W rising 
B curve is also quite like the R (The general Dature of the declining 
branches has been referred to already ) It is to be menboned that m 
our earher experiment, with a larger test area centrally fixated, the rod 
curve is one with a higher F™, , a lower t', and a much greater a' it, , 
(cf Crazier, Wolf, and Zerrahn Wolf, 1937-38 i) 

The general conclusion to which Sherrington (1904) came from his ex- 
periments with symmetrical binocular flicker and brightness was that 
the binocular percepbon results from the combuiabon of fully "elaborated 
umocular sensabons,” and is the product of "already elaborated sensabons 
contemporaneously proceeding ’’ With this we agree In Sherrington's 
observabons he found reason to doubt whether the well known slight excess 
of binocular brightness over that of the umocular components was really to 
be explained as due to sumroabon of the intensifies of effects at the cor 
responding points of the two retinas, and that, most often, the binocular 
brightness was not perceptibly different from that of either of its co-equal 
umocular components Under the condibons of the present observabons 
there is no possible complicabon due to the consensual pupillary reflex, 
or to changes of accommodabon, and care was always taken to continue 
comparisons until no differential effect of adaptabon could play a part 
Yet we find that the L and R subjective brightnesses just at fusion are not 
equal, that for R being the greater in these tests, and that the B subjecbve 
brightness at enbeal fusion is always abc-e that for either eye taken alone — 
yet the R enbeal intensity is characteristically lower than the L while the 
B enbeal intensity over most of the range either agrees with that for R 
or lies between the R and L 

Obviously, the rclahon between F and log /„ is not determined by the 
subjective bnghtness alone This conclusion is well reinforced by 
siderabon of data in which wave-length of hght and hght time 
the flash cycle ore involved as variables (Crazier and Wolf, , 1 
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With the apparatus we have used it is also possible to show that not even 
binocular fusion of umocular unages is required for the effects discussed 





Fig 13 Data for the comparison of L, R, and B flicker recognition thresholds (W 
J C ) with blue light, hght-time fraction t L = 0 10 The “foveal” type of end-pomt 
appears at the level a, the blue color threshold is at b The curve (L) is that obtained 
from other, more complete senes under these conditions (cf Crozier and Wolf, 1940-41 d) 

binocular fusion the observer sees two illuminated squares, each centrally 
fixated The differential R, L, brightness is then obvious, but both fields 
are seen to flicker simultaneously at the critical flush intensity characteristic 
of the bvtacularly fused image (for the same F), whether this be below or 
between the R and L values Central integration of effects simultaneously 
arising from the two eyes must consequently be taken as proved, and as 
independent of subjective fusion of the images 

The possibility existed that R, L differences might perhaps bemagmfied 
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under certain conditions Since the whole F log / contour is enlarged 
and shitted toward lower flash intensities when the light time fraction is 
reduced (Crozier and Wolf, 1940-41 c, d), and also by using blue light, an 
experiment was done with blue light (Wratten Filter No 47) and a flash 
cycle with 0 10 bgh t-bme. The absolute scatter of the determinations of 
critical flash intensity is also lower under these conditions The data are 
given in Table H and in Fig 13 W J C was used since in the data 
with white light (Fig 5) his B figures were more nearly intermediate be 
tween the R and L It is shown m Fig 13 that the separation of R and L 

table n 

Slio and location erf retinal imogt as In Tabic I — 6 13* aqeare, centrally Elated blue light 
(Wratten Filter No 40) light time «■ 0 10 of the cycle time. Left eye (£) right eye (A) and 
binocular (B) determination* (a — 10) of mean critical Saab Intensity for flicker and of 
observer W J C. The lntenaitie* (mi ) are In terna of a photometric match agrunat white 
light (below the colot threshold) See test and Fig 13 
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left* 


V*J« 
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WPXmj, 








10 

1 6228 

S 8619 

7 4479 

9 8740 

7 4709 

0 8716 

20 

£ 7766 

6 2474 

£ 6636 

7 9977 

6 7106 

7 9564 

30 

i seat 

5 3463 

i 0167 

5 0918 

4 6822 

E 2144 

40 

5 6863 

4 0867 

1 6663 

5 8545 

5 6307 

5 8631 

50 

3 6966 

3 0703 

3 6633 

4 7211 

a 6060 

4 8846 

55 

I 6333 

2 0339 

1 4436 

3 8366 

I 4883 

3 6612 


I 3 of exactly the same general sort as with white light (Fig 5), and that 
B is again intermediate It is important that under the conditions of this 
particular test the blue color threshold is not reached until just below F ■=> 
50 on the curve, and the typical “foveal” appearance of the flicker recog- 
nition point not untfl ca F = 43 along the curve A fuller analysis of 
these indications is attempted in following papers, but their significance for 
the classical use of ordinary criteria for rod and cone function is highly in 
terestmg For present purposes themeasurements show that the relation 
ships between L, R, and B measurements already discussed for white 
light and t L *= f D are in fact independent of wave-length composition of light 
and of the light time fraction, and of the brightness level 
Analysis of the variation of /„ the critical flash intensity , and of the scat- 
ter of the radices of this variation, supplies further important criteria which 
the theory of neural integration for binocular flicker must satisfy 
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VI 

The recognition of flicker is a form of intensive discrimination, the fact 
that at high flash frequencies the critical flash frequency does not corre- 
spond, subjectively, to the physically impressed frequency is no bar to this 
interpretation One of the aspects of the homology of the flash intensity 
with AT 0 and A I as ordinarily determined is the parallel way m which I c , 
hke A/ 0 or AT, is directly proportional to its own index of variation {err 
or P E i), as shown for many series of measurements (Crozier, 1935-36, 
Crozier and Holway, 1937, 1938, 1939-40, Crozier, Wolf, and Zerrahn-Wolf, 
1937-38 a) There are two aspects of the interdependence of I c and PE/, 
namely the mean magnitude of the proportionality constant and the man- 
ner of distribution of the values found in the band of slope = 1 relating 
log P E r to log / m For sufficiently homogeneous data the distribution is 
such that the line giving the mean value of the proportionality constant 
divides the log PE/ width of the band arithmetically in half For non- 
homogeneous data with a single observer, such as result from the massing 
of observations taken over a period of some days, this line simply divides 
the log PE/ span equally The position of the median line and the posi- 
tions of its margins can be objectively determined by projecting the positions 
of the points along a 45° slope to a common ordinate and determining the 
mean and the S D for the frequency distribution of the intercepts ( cf 
Crozier and Holway, 1937, 1938) For the two observers the mean P E // m 
here obtamed is (W J C ) a little lower and (E W ) a httle higher than m 
the older series with other apparatus (Crozier, Wolf, and Zerrahn-Wolf, 
1937-38 b ) (The absence of a “break” m the present variation plot is 
correlated with the small rod group ) 

The study of the properties of the variation of A I and of A/ 0 (Crozier 
and Holway, 1938, 1939-40) has shown that this vanation, under uniform 
conditions of test, has properties which must be regarded as an organic 
product of the performing system under test These considerations reap- 
pear in the data of the present experiments From measurements of A I 
at different levels of Ii it was shown (Crozier and Holway, 1939-40) that 
with monocular measurements, at different areal exposures and for different 
wave-lengths, <j j at and A I m were in the same statistically constant propor- 
tion and slightly lower than for corresponding measurements made bmocu- 
larly For the binocular determinations, however, AT measurements at 
a given level of h are lower than the mean of the values for the two eyes 
individually (Crozier and Holway, 1939-40), in a mean ratio a httle less 
than the 1 41 obtamed for “absolute” thresholds with the same apparatus 
and general procedure (Crozier and Holway, 1938-39 b) 
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The variation data in Table X are plotted m Figs 14 and IS It is shown, 
in the first place, that the proportionality constants for monocular P It , 
w I m are not the same for the two eyes, being a httle lower for R, the 
breadth of the scatter band is a httle greater, however, for R In each 
case the mean ratio for the binocular measurements B is d efinitely lower 
than that for either R or L taken alone. 

The mean values of PIE i/I. are for W J C R, 3 62, L, 4 67, of cr, 
of the sets, R, 1 45, L, 1 41, the B mean ratio is 2 99, its ffi ■= 1.34 The 
average of the ratica for R and L = 4 15, which Is 1.39 times the value 
for B (These "values are all lower than found for determinations of A J 
and A h undpr the same conditions with this observer ) 

With E W the corresponding values for the means are, for PIE , //„ 
R, 9.31, L, 10 06, B, 6 68, the average for R and L is 1 45 times greater 
than the value for B, as compared with 1.39 for W J C For R and h, 
<r, is 1 466 and 1 471, for B, 1 M 

The values of o, k< P for W J C and E W , which are the proper 
basi3 of comparison of the monocular and binocular dispersions since the 
data are non homogeneous to the extent that they comprise compound 
fluctuations, are in the (A + R)/2 B ratio of 1 25 and 1.37 
Thus both the mean value of the precision and of the scatter of the de- 
termination of I m , with the intensity level automatically corrected out, is 
definitely less for the binocular measurements than for either of the con 
tnbutory umocular processes taken singly The value for the B data is 
found to stand in the ratio of 1.39 (W J C ) and 1 45 (E W ) to that for 
the average values for the respective right and left eyes It is very doubt- 
ful if either of these values departs significantly from their mean, 1 42 
The variation data in Table H, for W J C with blue light and •= 0 10, 
tell essentially the same story, although they are not sufficiently numerous 
for analysis This is the kind of result clearly to be predicted on the basis 
that discriminatory precision is a consequence of the number of elementary 
units involved in a zlatishcal discrimination (Croxier, 1936), and if m the 
binocular measurements the numerical potency of these discriminatory 
elements 13 doubled, the precision is accordingly increased in the ratio 

V2 to 1 

We have to note that only when the procedural errors are held reasonably 
constant, and when the correlation between /„ and <ru can be used to ex 
hibit them relationship independent of intensity, can this type of demon 
stration really be made It is important to remark, however, m new' of 
the fact that different operators were in control of the instrument 
E W and W J C senes, that the quantitative relationship 
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Fig 14 The Aspersion indices for the values of h averaged to give /„ arc rcctBin- 
f , , t WPEu w log /„ gives a hand of statistically constant height 

Car y , rt C , Data for W J C (Table I), the bands arc separated vertically or 

" rn n J*r B the »» U9 to 1), - * 

Setter of PE ,„,= !« See tot 
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P E Ul and l m is not (within reasonable limits, at any rate) a function of 
the manipulator Nor, as we know from adequate tests, is it modified 
essentially by changes in the procedure used in approaching the end-point 
A chief possible source of such modification lies in the level of adaptation 
adopted as the standard from which to approach the end-pomt, and m 
the rate of this approach For W J C the standard method was to increase 
the flash intensity from ca 0 18 log unit below the critical region The 
mean value of I m can be made 0 10 log unit lower by beginning from a 
lower level of adaptation, at 0 90 log unit below the critical region This 
is, of course, to be expected, but the important fact is that P E then 
still has the same relationship to I m With E W each measurement was 
begun from a level of intensity proportionately lower than with W J C , 
but this cannot explain the differences found m their variability functions 

vn 

The evidence described may now be considered m reference to the theory 
of bmocular summation m symmetrical flicker The data show that there 
are systematic differences between the bmocular flicker recognition con- 
tours and the contributory umocular contours determined separately 
The differences cannot be adequately described simply by saying that the 
B data are intermediate between those for R and L, the shapes of the 
contours differ For the cone segments the parameter r', the log I m abscissa 
of inflection of the curve, is rather precisely intermediate between those for 
R and L The analyzed properties of the rod segments show their forms 
to result from complex interaction between cone and rod elements of effect, 
m the sense that progressive increase of cone effects inhibits the action of 
rod effects The rising branch of the pure rod contribution to the duplex 
curve, obtamed by deducting the cone effect m the region of their overlap- 
ping, is found to show the B curve following pretty closely that for the eye 
(, R ) with lower I c That a real neural integration is mvolvcd m the pro- 
duction of these findings is shown by the synchronous behavior of the end- 
pomt for non-bmocularly fused images m the two eyes 

We have also the fact that the bmocular brightness is certainly greater 
at all critical fusion levels than that for either eye alone The R images 
at fusion were subjectively brighter than the L and I e was lower The 
relations between the R, L, and B critical intensities are the same when 
the determinations are made with blue light m a flash cycle with 10 per 
cent light-time Under these conditions the level of brightness for the 
F-log Im curve as a whole is very low, the fusion color threshold being at 
ca F = 50, but I c is far below that for the white light cases already con- 
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sidered Consequently, the critical flash intensity cannot be considered to 
be determined by the general or relative brightness 

The further and quite significant general fact provided by the measure- 
ments is revealed in the relationships of the mean values of J to their 
indices of precision, — or, more exactly, the rectilinear relations of P.E ,, 
to /„ For B, the relative scatter of A is less than that for R or i, in the 
general ratio of 1 1 43 Moreover, the scatter of the values of PT2 j is 
less Now we know (Cromer and Wolf, 1940-41d) that when the light tim e 
ratio is varied the scatter of P.E t as a function of /„ is less the larger the 
light time fraction, the relationship is rectilinear In this case the PE U] 
span is directly proportional to the value of F — , a fact confirmed by tests 
in different parts of the retina as well (Cromer and Wolf, 1940-41d) This 
sort of thing cannot be entirely a matter of statistical dependence or ac 
adent, sncc in general theory a and a. must be m simple proportion When 
a„ corrected for I, is found to be directly proportional to as in the 
eiqienments involving retinal position and the light time fraction, with 
area of image constant, the notion arises that the breadth of the variation 
band is decreased with increase of the brightness level and with decrease 
of the total population of elements ( d F/d log T) involved There is some 
support for this in corresponding data with colored lights, which we describe 
in a subsequent paper But it is clear that the factor of subjective bright 
ness level and the factor of "size of population” do not necessarily work 
concurrently This is abundantly shown by the colored light data. For 
the B,R,L cases the B fusion brightness is greater, but is only slightly 
or not at all increased, in conformity to the increase of brightness, a, 
decreases, and err /A, is reduced as 1 V2 — although when monocular bright 
ness is increased by increasing t L it does not change At the same time, 
the B subjective fusion brightness is certainly not doubled, and we suspect 
that its ratio to the mean of R and L fusion brightnesses is a function of 
the intensity level. 

To rationalize these somewhat confusing relationships it is necessary 
to suppose that bnghinus is one kind of sensory effect, while measures 
another The relations between them are complex The values of P E » 
and the scatter ol PJE i are not determined b) the brightness level for the 
function as a whole, and are not determined by 7'™, , although in different 
circumstances they may appear to be correlated The fact that the two 
statistical indices arc independent ol A. along an\ one contour can be best 
understood on the basis that in the determination of the critical intensity, 
at any level of F, the whole population of elements potentially available 
under the conditions is actually at work. This is the essence con 
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ception of statistical fluctuation used in the derivation of the expectation 
that the form of the contour will be given by a probability s umm ation 
(cf Crozier 1937, 1940 c, b) For binocular flicker the number of these 
elements is doubled m some fashion, as the variation indices prove, and the 
fusion brightness is somewhat increased (correlated with a decrease in the 
scatter of PEn), but this does not materially increase In other 

words, the potential effectiveness of each element is doubled, but the total 
number is pretty much the same This is not dependent on subjective 
fusion of the images from the two eyes 

The fact that the probability summation effectively describes the flicker 
data and their modifications under different conditions of retinal area, 
location, wave-length of light, light-tune fraction, and temperature, m a 
wide diversity of animals, and for monocular and binocular presentation, 
is of course a potent argument for the propriety of using it In the vanous 
experiments made with arthropods, lower vertebrates, and birds, surrounded 
by a rotated cylinder with vertical stripes, binocular stimulation is 
necessarily used (This of course does not mean binocular fusion of the i 

field of regard) Certain particular problems arising m this connection, 
by reason of the fact that the animal is free to move about within the cyl- 
inder, have been discussed on the basis of experiments with the crayfish 
Cavibarus (cf Wolf, 1940, Wolf and Crozier, 1940-41) If the essential 
djmamical properties of such data are determined centrally, and they must 
be so regarded in the binocular instance, then two possibilities exist either 
the properties of the uniocular data are also determined centrally, or else 
the nature of the measurements has a similar character whether determined 
centrally or peripherally The demonstration of a statistical basis for the 
nature of the data is of course by itself consistent with either possibility 
The composition of two probability distributions gives another probability 
distribution, the Gaussian function is apparently the only one having this I 

property (Cramer, 1937) Unquestionably this is the source of its general Y 

capacity to account for the data in these complex situations 
There arises naturally at this point the question as to the manner in 
which the central nervous composition of two independently produced 
umocular effects could be expected to show itself In the interpretation of 
complex visual effects considerable general use has been made of the terms 
“inhibition’ * and “s umm ation ” It is preferable to speak rather of integra- 
tion, since this ma y be done without theoretical prejudice This concep- 
tion avoids the troubles arising in the situation depicted m Figs 4 and 5, 
inhibition with respect to one eye is often summation with respect to the 
other, the intermediate value of the B cone r (and the B a' j oc i ) certainly j 
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denotes integration rather than anything else. Difficulties are also avoided 
when dealing with the rod-cone overlap if our analysis of the situation is 
sound, inhibition of some rod effects is simultaneously accompanied by 
summation of cone effects with the remainder 
The deter mi nation of visual threshold intensities shows that for the 
"absolute” threshold the effect of doubling area in one retina is qualitatively 
like that produced by viewing the same area simultaneously with both eyes 
under conditions of binocular fusion (Crazier and Holway, 1935-39 b ) 
For understandable reasons, m part (# e , fixation), the binocular mean 
variation is increased, but the ratio of mean (AT 0 ) fl to the mean for L and R 
is not certainly different from 1 41 There is reason to believe that this 
ratio may be a function of the exposure time, when A I is obtained for finite 
levels of It it is influenced only slightly by the intensity level, the effect on 
A I of enlarging the retinal area illuminated is quantitatively the same for 
binocular and urn ocular presentation (Crozier and Holway, 1939-40 
Crozier, 1940 a) It is greater than the ratio obtained for symmetrical 
doubling of area on one retina The examination of the exposure fame 
function shows, on the other hand, that within the fovea enlargement of 
area of test patch beyond a certain limit brings about an increase of van 
ability in the population of cone effects (Crozier, 1940 a) The same result 
appears m F log / contours when retinal location or test patch area are 
changed to include different sized populations of cone effects (Crozier and 
Wolf, 1940-41 d) o' u>t i for the cone curve is increased when the cone 
population is reduced For the rod populations the opposite result is ob- 
tained enlargement of the rod population of units brings with it an increase 
in o' i for the rod curves (Crozier, 1940 c), as already shown for dark 
adaptation (Crozier, 1940 b ) under different conditions modifying the size 
of the dark adapting population of elements The homologous result in 
the two sets of flicker experiments with different areas that we have earlier 
discussed (section IV) is confirmatory Both the enlargement and the 
reduction of o' it : as a result of increasing the number of the respective 
retinal units, by different methods of modification of the conditions of test, 
signify interaction and integration of neural effects at some level, but can 
not reasonably be discussed in terms of inhibition and summation 
The closest analogy for the basic binocular effect in flicker is found in 
the data on binocular vs monocular Alo and A I The ratio is about 1 41, 
but the quantitative result of enlarging retinal area illuminated is the 
same in both cases (Crozier and Holway, 1938-39 b, 1939-40) This proves 
that in the discrimination of /i from h the binocular effect is doubled, al 
though for a given Al the size of <7^/ is not much affected, if at all It hai 
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been possible to show (Crozier, 1940 b ) that A I is really determined by the 
size of the population of effects available for further excitation, under the 
conditions given, so that 1/AI, the measure of excitability at any level of 
Ii, is a declining probability integral in terms of log F In the flicker case 
the magnitude of the level of “sensory effect” must be taken as directh 
proportional to F, but this measures the discrimination of the effect of 
flash intensity from the effect of flash after image (cf Crozier, Wolf, and 
Zerrahn-Wolf, 1936-37 b) If as a consequence of binocular regard the 
flash effect is increased, so also is its after influence Consequently one 
must expect, it seems, on this basis, that the log critical flash intensity 
(r') for activation of one-half the total number of elements should appear 
as the mean of those for the two umocular components, — and, in the case 
of the raw rod curves, the B curve for the observed result should be the 
average of the two composite rod effects, which is seen On the other 
hand, the precision with which the light-dark discrimination is statistically 
made should be, for a given value of I c , increased by the factor sfl if the 
potency of each element concerned m making it is doubled This the data 
show to be the fact 


vm 

SUMMARY 

Comparison of monocular and binocular critical flash intensities for 
recognition of flicker, using a centrally fixated square image subtending 
ca 6 13° on a side (white light), shows that for the cone segment of the 
response contour the inflection point of the probability integral correlating 
flash frequency F (for symmetrical flicker) and log mean critical flash in- 
tensity I m is with the binocular measurements exactly intermediate between 
those for each eye separately This does not mean that in general the 
data are intermediate, they are not, the binocular asymptotic F lT *x agrees 
with or hes above the greater one of the two umocular curves The entire 
contour must be considered for valid mtercompansons, as is also true if 
homologous curves for different observers are to be compared For th e 
measurements in the predominantly rod region the binocular data are more 
or less intermediate The rod curves result, however, from the integrative 
interplay of rod and cone effects for which the intrinsic curves overlap 
The resultant rod curve as measured is deter min ed by the partial inhibition 
of rod effects by cone effects, and by the s umm ation of the remaining r0( ^ 
contributions with those labelled cone m origin It is pointed out that w 
this respect, as m others, it is desirable to consider the rdles of retinal area, 
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and locabon, from the standpoint of integration of neural effects These 
phenomena are essentially independent of the light time fraction and of the 
spectral (X) quality of the light used 
For binocular, as for uruocular excitation, the normal probability su mm a 
bon provides an efficient general description, under diverse condibons of 
sue and locabon of retinal image, -wave-length composibon of light, light- 
time cycle fracbon, and kind of animal It is pointed out that this is the 
only funcbon abstractly likely to exhibit this kind of efficiency 
That a summabon of veritable effects independently generated by snnul 
taneous, symmetrical uniocular excitahon does occur in the recogmbon of 
flicker is specifically demonstrated by the fact that for a given mean cnbcal 
flash intensity the associated vanabon is lower for binocular than for either 
or the average of the single-eyed presentabons, — and in the rabo not 
statisbcally different from 1 141, the relabve scatter of the binocular 
indices of dispersion is also reduced below the uniocular Since the mean 
vanabon of the cnbcal intensity is statisbcally in a constant rabo to /„, 
in appropriately homogeneous senes, independent for example of the 
brightness level and of the light time fracbon, this signifies an essential 
doubling of the cffecbveness (potenbal) of each of the elements concerned 
m the disenminabon of flicker when binocular excitahon is concerned, 
although the total number of these elements is only slightly or not at all 
affected The potenbal in question is not exclusively correlated with 
subjecbve bnghtness-at fusion, which is, however, increased with binocular 
regard 
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INTRODUCTION 

Dunng the passage of an impulse m Young'* squid giant axon prepara 
tion (Young, 1936), a considerable increase in the membrane conductance 
was found but relatively little if any change in the membrane capacity 
(Cole and Curtis, 1939) The conductance increase was interpreted as a 
measure of the increase of ion permeability which is commonly assumed to 
be a part of the nerve impulse 

It is generally believed that when a current flows through a nerve mem 
brane, the ion permeability is increased at the cathode and decreased at 
the anode If this is true and the interpretation of the impedance change 
obtained dunng activity is correct, there should be an increase in the mem 
brane conductance at the cathode and a decrease at the anode without a 
change in the membrane capacity dunng current flow With these assump- 
tions, an apparent contradiction is then found in the observations dunng 
the propagation of an impulse During the foot of the action potential 
(before the point of inflection m the rising phase) the simple cable theory 
requires that the direction of positive current flow be outward across the 
membrane, or cathodic This would require an increase of membrane 
conductance, which was not found At the point of inflection, where 
the current flow reverses from outward to inward, there should be a 
decrease of the membrane conductance to a value less than that at rest. 
But it was at about this point that the large and rapid increase of the mem 
brane conductance was observed The first step m resolving these contra- 
dictions is to investigate the validity of the assumptions For this it is 
necessary to determine the dependence of the membrane conductance upon 
the direction and magnitude of the membrane current flow in the rest 
mg axon 

The polarizing current could be applied suddenly for sub-rheobase cathode 
535 / 
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and all anode polarizations, but the results of this procedure might be mis- 
leading when excitation and propagation take place at the cathode Al- 
though the nature of the “depolarization” which occurs at the onset of 
activity is not known, it is often thought of as a breakdown or “relaxation” 
process It would not be at all unreasonable, from analog!* with non- 
hving systems, to expect that a polarizing current might be able to maintain 
a depolarization originally set up by excitation Consequently, to avoid 
ambiguity, excitation should be avoided by increasing the polarizing cur- 
rent to its maximum value slowly Then the terminal impedance change 
could be compared with that obtained after an excitation took place at the 
sudden make of the current to determine whether or not a depolarization 
could be maintained and whether or not the precaution of a slow rise was 
necessary This question can also be answered, by gradual!}- polarizing the 
nerve without excitation, and then allowing an impulse initiated at a dis- 
tance to pass through the polarized region 

After the investigation of these steady effects of polarization, before and 
after activity, the next step is to trace the tune course of the sub-threshold 
changes at the start of polarization If we assume that before excitation 
the membrane has reproducible and reversible electrical characteristics, it 
should be possible to determine them and so explain the sub-threshold ob- 
servations The impedance changes at the site of excitation and during the 
passage of an impulse through a polarized region are of obvious importance 
in the quantitative description of the processes of excitation and propaga- 
tion in nerve It may be expected, however, that an explanation of these 
impedance data will itself be a rather complete theory of nerve activity 

Material and Apparatus 

A description of the material and apparatus was given m the previous paper (Cole 
and Curtis, 1939) and only the modifications and extensions required m the present 
experiments will be given in detail 

_4ior, Mcas-inrg Cell, ard Bridge — The giant axon in the hindmost stellar nerve of 
the squid, Lc ! go peal j was dissected out and placed in the measuring cell. This cell 
was a strip of insulating material with a groove, .4.4 (Fig 1) 550 p square, just large 
enough to acco mm odate the axon, cut m the top and covered with a glass cover slip 
Sea water was circulated past the axon and the whole was usually kept at a temperature 
of 3 bout 4 C C Two platinized platinum impedance electrodes 550 p square were 
mounted fl ush with the sides of the groove and facing each other The transverse al- 
tematmc current impedance of the axon was measured between these electrodes over a 
frequency range from 1 kc. to 500 he. in a Wheatstone bridge (Cole and Curtis, 1937) 
with heterodvne, amplifier, and cathode ray oscillograph for detector The measur- 
ing current through the cell was kept as low as possible without undue sacrifice of over- 
all sensitivity , and m all cases the bridge balance was independent of this current 
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Ptian tnj Circuit — The current, or polintmg electrodes -were spaced as Jar apart as 
possible along the length of the axon to separate the anode and cathode regions of 
membrane current flow and allow individual investigation of each region The mnrf 
mum membrane current density is to be found directly under on electrode and since it 
is approximately uniform only under a short electrode, the impedance should be meas- 
ured through one of the polarising electrodes. The other impedance electrode could 
then be placed in the extrapolar region for a longitudinal measurement but this involves 
a second membrane or an inactive end, and, in addition, a rather clumsy theoretical 
analysis. It is simpler to use a transverse impedance measurement where one half 
of the polarizing current enters at each impedance electrode, £, through a resistance, 
R, and the total current leaves the measuring cell at the third, distant, electrode as 
Indicated in Fig 1 The two resistances, R> were 10 000 ohms each and this value 



Fig 1 Circuit for impedance measurements during current flow Axon was placed 
in trough A A and transverse impedance measurements made between electrodes E E 
by the alternating current bridge connected at B and ground G The polarizing cur 
rent from source P divided and flowed Into this trough and axon through the two re 
sis lances R R and the electrodes E E The current returned through the distant elec 
trode at the left hand end of the trough 

was sufficiently large practically to eliminate differ e n c es of current flow in the two 
paths caused by asymmetries of the impedance electrodes axon position, and membrane 
potential. Since a part of the bridge current flows through these two resistances in 
senes, the sensitivity of the measurement of the axon Impedance was decreased but this 
loss was not excessive. An a p pr oxim ately uniform current density under the electrodes 
was expected because the length of the electrodes, 0.55 mm , was considerably less than 
the * characteristic length” of about 3 mm found for this axon (Cole and Hodgkin 1939) 
It was found experimentally that a current flow from the impedance electrodes to two 
remote electrodes, one at each end of the cell, produced the same Impedance change as 
was produced when this same current flowed to a single electrode at one end of the cell. 
Since this procedure was equivalent to a 50 per cent reduction of the effective electrode 
length, the polarising current density in the membrane was essentially uniform In the 
region where the impedance measurements were made 

The magnitude of the polarising current was made practically independent of the 
characteristics of the electrodes and of the nerve, by applying a sufficiently high potential 
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through a senes resistance of 150,000 ohms to the terminals, P The currents were 
vaned up to a maximum of about 1 milhampere and were measured directly with a 
meter and also calculated from the resistances and potential 

The current was controlled by the opening of three contacts operated from motor 
dnven cams, and the oscillograph sweep circuit was controlled by a fourth contact 
The complete cycle of this contactor was usually repeated at intervals of about 1 second 
Sudden on and off currents were easily obtained, and use of a vanable shunt condenser 
gave “exponentially blunted” 1 currents with a range of time constants up to 100 msec 
With well platinized impedance electrodes, the effect of the maximum polarizing current 
on the measured impedance of the cell filled with sea water was less than 0 1 per cent 

EXPERIMENTAL 

The first experiments were made with an exponentially blunted polarizing 
current, followed by an equal and opposite current of the same duration 
and form, as shown in Fig 2, to minimize the injury to the axon For this 



Fig 2 Schematic drawing of the exponentially blunted current flow, Jo, applied 
in the sequence make, M, reverse, R, break, B, vs time, T 

the contactor applied the potential to the resistance and capacity polarizing 
circuit for about 200 msec m the sequence on-reverse-off The Wheat- 
stone bridge was first balanced at each frequency without the polarizing 
current and then a change of the axon impedance caused by current flow 
gave an output voltage from the bridge and a band on the oscillograph 
Typical records are shown m Fig 3 for 20 kc and 125ju amp maximum 
current Soon after the cathode make, m m Fig 3 a, there was a short 
impedance decrease associated, with the excitation Then a slow decrease 
of the impedance followed, in both a and b of Fig 3, as the current increased 
towards its maximum value After r, where the reversal was started, the 
impedance first increased to return to the resting value and then increased 
still farther to again unbalance the bridge, but m the opposite direction, 
during the anode current flow After b the anode current decreased to- 
wards zero and the impedance decreased correspondingly to leave the 

1 This term is used in preference to “exponentially rising” to describe the time course 
given by 1 — c~ l/T and shown m the initial nse of Fig 2 
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bridge balanced finally The bridge unbalances were Sound m the reverse 
order when the anode was applied first, as is seen in Fig 3 c, and a double 
exatabon tool' place at the reversal The final magnitudes of the lm 
pedance changes at the cathode and anode are the same, whether the 
cathode (Fig 3 a and b ) or anode (Fig 3 c) was applied first Withm the 
lim it of sensitivity, for all frequencies and currents, the change of im 
pedance at the cathode was a decrease from the resting value and that at 
the anode, an increase For this axon, 125 pamp with a time constant of 
50 msec, gave exatation as shown in Fig 3 o, and with an increase of the 
time constant to 80 msec the same current was subthreshold (Fig 3 b ) 
It is apparent that the final impedance change was not appreaabty altered 
by activity As might then be expected, it was found that near rheobasc, 
with suddenly apphed polarizing current, the steady value of impedance 
change was independent of exatation, as seen m Fig 4 In general, whether 
the current reached its maximum value very abruptly, or very slowly, the 
final change of impedance was the same Also when a distantly initiated 
impulse was sent through the polarized region after the impedance change 
during current flow had become constant, the impedance would decrease 
during the passage of the impulse and then return to the previous level 
We thu3 have evidence that the steady state effect of the polarizing currents 
employed is not altered by excitation Consequently the use of exponential 
blunting to avoid exatation was unnecessary and sudden makes and breaks 
were subsequently used 

After the direct reverse polarizations described, the impedance required 
several seconds to return completely to the resting value, irrespective of 
whether cathode or anode was applied first This effect was entirely a result 
of the anode polarization and was not reduced by an equal cathode polanza 
bon either before or after Since reversal technique apparently did not 
materially improve the survival of the axons, it too was an unnecessary 
comphcaUon and was abandoned m favor of the simple on and off polanza 
bons, as shown m Fig 4 

Having found a change in the transverse impedance during polanzabon, 
the next step was to determine which component of the axon was responsible 
for it The procedure was the same as that used for the analysis of the im 
pedance change dunng activity (Cole and Curbs, 1939) with the advantage 
that we are here dealing with something more closely approximating a 
steady state At each frequency, the bndge was balanced to give the 
resbng parallel resistance R, and capacity, C,(Colc and Cole, 1936, 
Cole and Curtis 1937) The polarizing current was then apphed for in 
tcrvals long enough to allow the impedance change to reach a sleady value 
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Fig 3 Oscillograph records of bridge unbalance at 20 he caused by make, m, 
reverse, r, and break, b, sequence in exponential]}' blunted current flow of 125 /iamp 
(a) Cathode first, time constant 50 msec, showing excitation near beginning ( b ) 
Cathode first, time constant 80 msec , sub-threshold (c) Anode first, time constant 
80 msec , show mg double excitation at reversal Exponential time scale indicated by 
50 cxcle timing wave below Impedance changes at cathode, —2 per cent, anode, +0 6 
per cent, determined bv calibration 


a 




Fig 4 Oscillograph records of bridge unbalance at 20 Lc caused by sudden make 
and break of cathode current flow (a) Sub-threshold response for current just below 
rheobase ( b ) Threshold response for current just above rheobase Initial maximum 
is propagated 
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Fig 5 Oscillograph records of bridge balance and unbalance at 20 he. during current 
flovr of 63 /lamp Cathode (a) with bndge balanced at rest and (6) balanced during 
current flow Impedance decrease 2 0 per cent. Anode, (c) with bridge balanced at 
rest and (d) balanced during current flow Impedance increase, 1 05 per cent. 
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Fio 6 Oscillograph records of bridge unbalance at 20 he. caused bj cathode current 
flow Currents in /lamp are (a) 105 (6) 210 (c) 315 (rf) 420 and (e) 527 Transient 
impedance changes are caused b'v excitation under the impedance electrodes at the 
make and by excitation propagated from the distant anode at the break Calibre 
tion (J) is a 7 7 per cent impedance decrease Maximum bndge unbalance during 
passage of a distantl> initiated Impulse without current flow (not shown) —43 
percent Timing wave lOOcsdes 



542 


IMPEDANCE OF SQUID AXON DURING CURRENT FLOW 


(Fig 5 a and c) The bridge was then rebalanced for this stead}" value as 
shown in Fig 5 b and d, to give new values of R p and C p 

The bndge balance usually could not be found m less than four or five 
applications of the polarizing current, and with large currents this process 
might cause irreversible changes After sufficient bndge data had been 
taken to establish the nature of the impedance change, its dependence on 
the polarizing current was more satisfactorily obtained from oscillograph 
records of the bndge unbalance during a single polarization and a calibra- 
tion as shown m Fig 6 


Calculations and Results 

The observed values of parallel capacity, G p , are corrected for the polariza- 
tion capacity of the electrodes and static capacity of the measuring cell 
(Cole and Cole, 1936, Cole and Curtis, 1937) The equivalent senes re- 
sistance, R„ and reactance, X„ are then calculated from the parallel re- 
sistance, R P , and capacity, C p , by the equations 

R, = R P /(1 + Rlcdpwl, X, = R%C P u/(l + R'pCbX) 
where co = 2 it times the frequency 

The values of R r and A', are then plotted as abscissae and ordinates to 
give the complex impedance locus (Cole, 1928, 1932) The loci shown m 
Fig 7 are for an unpolanzed and a cathodicalh polarized axon It will be 
seen that the membrane phase angle and the infinite frequency resistance 
are unaltered by current flow The impedance variation at a single fre- 
quenci lor a range of anode and cathode polarizing currents is shown in 
Fig S These data indicate that the membrane capacity is practically 
unaltered and that the impedance change during polarization ma) be com- 
pletely explained b} a change of membrane conductance (Cole and 
Curtis 193S) 

The change of membrane conductance, AG, for a single value of polarizing 
current is computed from the extrapolated infinite frequenc} specific re- 
sistance r x and the extrapolated zero frequency specific resistances, ro, 
lor the unpolanzed axon and r 0 for the polarized axon, bv (equation 6, 
Cole and Curtis, 193S) 

1 ?0 - r c - ro 

-A(_r = - i _ 

a r~ 0 — r\ r 0 — r B 

where a is the radius ol the axon, and /j is the specific resistance of the 
medium 

The data shown in Fig 7 gne AG = 0 03 ohm -1 cm for a cathode 


r 8 ohms 



Flo 7 Transverse impedance locus, series resistance, R. r s senes reactance, A , 
for axon at rest ( • ), and during cathode current flow of 125 /amp (O) Frequencies 
are indicated In kilocycles. The light dotted lines represent the theoretical paths of 
the impedance at each frequency for a change of membrane conductance. 



Fio E. Transverse Impedance local, m resistance, R. n serfa reactance 
at 20 kc. during current flow (O), Cathode camou up to 250 pamp (•),» n<xJc 
currents up to 63 pamp The solid line is portion ol the loan for frMuency variation 
and rating anon Ho dotted line fa a portion of tin theoretical ^ v 

frequency and a variation of the membrane conductance. (X) ^ <yntt 

change during passage of a distantly initiated impulse 
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polarizing current of 125 /lamp and three other axons give values for 
AG of 0 017, 0 026, and 0 033 ohm— 1 cm — 2 





Fig 10 Equivalent circuits for transverse impedance of axon (a) Theoretical 
circuit neglecting membrane conductance (£) Theoretical circuit with a variable mem- 
brane conductance depending upon current flow 


The variation of AG with polarizing current is usually obtained from 
data at a single frequency The impedance for each value of the polar- 
izing current may be extrapolated to zero frequency and the conductance 



K. S COLE AND R P BASER 


545 


change calculated as above, but the impedance change is usually suffi- 
ciently small to be proportional to the conductance change (Cole and 
Curtis, 1939) The impedance change is then computed by 

|AZ| - V(AJO’ + (AX.Y 

or from photographic records, and AG ■= — ^]AZ|, where the factor of pro- 
portionality, K, is obtained from one or two extrapolations A curve 
of AG vs I„ (Fig 9) shows values obtained by both methods and is typical 
of data on eleven axons 


msen SSION 

To justify the interpretation of the observed impedance change on 
polarisation as a change of membrane conductance, we proceed as before 
(Cole and Curtis, 1938) The circular path followed by the impedance of 
the resting fiber as the frequency is varied, seen in Fig 7, and called the 
resting locus, is the characteristic result of many biological impedance 
measurements On the assumption of a negligible membrane conductance 
we may calculate from theory (Cole and Curtis, 1936) the equivalent circuit 
shown in Fig 10 a, where the condenser represents the capacity of the 
axon membrane. If the membrane capacity alone were to change, the 
impedance at each frequency would merely move along the resting locus, 
if the resistance of the axoplasm varied, only the infinite frequency extra 
polation would be altered, and changing eit h er the volume of the cell or the 
resistance of the sea water would vary both the infinite and zero frequency 
extrapolations Since Figs 7 and 8 do not allow any single one of these 
possibilities, we turn to a variation of the membrane conductance as mdi 
cated in Fig 10 6 It has been shown (Cole and Curtis, 1938, 1939) that 
with a variation of this conductance alone, the impedance would follow a 
circular arc tangent to the resistance axis at the infinite frequency extra- 
polation This is seen to be approximately true at each frequency in 
Fig 7 and on an enlarged scale at 20 ke. in Fig 8, it is found to represent 
the data to within the limits of experimental accuracy We are thus 
entitled to conclude from these data that the impedance change during 
polarization may be interpreted as a change of the membrane conductance 
alone, and that there is an increase of the membrane conductance at the 
cathode and a decrease at the anode When we assume that the membrane 
conductance is proportional to the ion permeability of the membrane, the 
results demonstrate an increase of permeability at the cathode and a de- 
crease at the anode 

It will be noticed In Fig 8 that the poult of maximum impedance chance 
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during the passage of a distantly initiated impulse is dose to the theoretical 
locus but does not he on it This is the type of departure found m the 
previous work (Cole and Curtis, 1939) and was believed then to be caused 
by the amplifier characteristics This hypothesis has been supported, al- 
though not yet proven, by further work, and even if it is not valid, the 
difference between this aspect of cathode polarization and propagated 
activity is very shght 

On the basis of the local circuit theory of excitation and propagation, 
at least a part of the membrane conductance increase during activity may 
be a result of membrane current flow, but in the previous discussions (Cole 
and Curtis, 1938, 1939) the implications of this possibility were avoided 
Since a membrane conductance change is brought about by current flow 
and independently of excitation, it is now necessary to consider the method 
of measurement more carefully As a result of a current flow, i, the po- 
tential difference across the membrane is altered in some way by an amount, 
v When v — Ri the membrane obeys Ohm’s law and R is its resistance 
The alternating-measuring current, t a , and the direct-polarizing current, 
U, were applied simultaneously in these experiments and the resulting 
alteration of the potential difference across the membrane at any time 
depends upon the instantaneous sum of these two currents, so v = j(t d + t„) 
If now the maximum value of the conduction component of the alternating 
current, i a , is small compared to the direct current, i d , we have by Taylor’s 
expansion, approximately 


V 


Vd + *= /(*d) + 


dfjtd) 

di d 


*a 


where the part of the potential difference caused by the polarizing current 
is v d and by the measuring current is v a Smce we are considering only the 
conduction component of the measuring current we have 


Po 


df(i d ) 


did 


ta 



la *= r(l d ) la 


where r is the “variational” resistance of the membrane as measured by a 
small alternating current If now the membrane obeys Ohm’s law, v = n, 
we have v d = n d , v a — n a , and r is independent of the current In graphical 
form, for Ohm’s law, we have a straight line relation between the current 
and voltage and the variational resistance, or the slope of the line, remains 
unchanged for all values of current In the present case, r, or the slope, 
depends upon the current, t, and Ohm’s law certainly is not valid except as 
an approximation for the small variations of current which we have applied 
by the bridge 
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Smoe we have now found that the membrane does not follow Ohm’s 
law, some specifications of its conductive properties must be given in place 
of the resistance The most obvious possibility is the potential difference 
as a function of the current which is obtained by the integration 



for both anode and cathode Our present data, however, only give changes 
of the membrane conductance such as Fig 9 and it is necessary to have the 
resting conductance before the integration can be earned out. The value 
of 1000 ohm cm ’ obtained by other measurements (Cole and Hodgkin, 
1939) could be used, but there is another difficulty The polarizing mem- 
brane current density in the region between the impedance electrodes Is also 
needed, and must be calculated from the total polarizing current. This 
may be done easily on the basis of the simple cable theory, ll a constant 
membrane resistance can be assumed, but the process is quite tedious for 
the present problem where this assumption cannot be made Since these 
results will be very dependent upon the value assumed for the resting con 
ductance and the information may be obtained more directly from another 
type of experiment (Cole and Curtis, 1941), the calculations have not been 
earned out However the general form of / (i), or the t w i curve, is quite 
apparent At the origin its first denvatrve, or slope, is given by the resting 
resistance, and on the anode side this slope increases with increasing current 
until a large limiting slope is reached On the cathode side, the slope 
continually decreases until a small limi ting slope Is obtained for large 
currents Then for a potential applied across the membrane with the 
anode outside, the current flow will be less than for the same potential with 
the cathode outside It is then perfectly obvious that the axon membrane 
not only acts as a rectifier but probably also ss a rather efficient rectifier 
Returning to the conductance change, it is seen that the maximum 
increase under the cathode (Figs. 8 and 9) is of the same order of magnitude 
as that found during the passage of an impulse This conclusion may be of 
considerable significance, but it should not be emphasized at the present 
tune because the cathode polarization currents necessary to give the maxi- 
mum conductance change were used m only a few experiments The maxi- 

mum decrease of conductance at the anode m Fig 9 is about 0 005 ohm -1 
cm and this is dose to the average value found for four axons. If the 
resting membrane resistance were 200 ohm cm corresponding to a con 
ductance of 0 005 ohm -1 cm such a change would mean that the mem 
branc becomes non-conducting under the anode and if the res ce 
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were greater than 200 ohm cm 2 and, consequently, the conductance less 
than 0 005 ohm -1 cm ~ 2 , the resistance calculated during current flow 
would be negative Since we are not prepared to deal with the latter 
concept, we should conclude that the resting resistance was less than 200 
ohm cm 2 This is, however, much lower than the values of 400 to 1100 
ohm cm 2 obtained by longitudinal measurements (Cole and Hodgkin, 
1939), and no reason can be given for this discrepancy The axons used 
for the transverse measurement were apparently in as good condition and 
survived at least as well as those used for the longitudinal measurements 
The types of analysis used for the interpretation of the data are very dis- 
similar in the two cases, but no fundamental errors of assumptions or 
derivation have as yet been uncovered It is felt, at present, that this 
disagreement is probably not a serious matter and that the results may be 
taken to indicate a very low limiting conductance under the anode 
On the basis of the present data, any discussion of the mechanisms of 
excitation and propagation is little more than speculation, but attention 
may be called to a few observations One of these is the oscillation of the 
impedance change seen m Fig 4 a, just below threshold This is a char- 
acteristic of the responses at the cathode, down to about half threshold, and 
is not found at any anode polarization There is then the further observa- 
tion that the first maximum of this oscillation clearly becomes the all-or- 
nothing response at threshold (Fig 4 b) 

The change of membrane conductance has been determined as a function 
of the current in the steady state, but we have no evidence at present to 
indicate that this relation between current flow and membrane conductance 
remains unaltered during excitation and recovery However, let us assume 
for the moment that with these data we may calculate the current flow 
through the rectifier element from the conductance change during the 
passage of an impulse There is no change up to the point of inflection of 
the nsing phase of the action potential This corresponds to no current 
flow through the element and requires that the change of membrane po- 
tential difference occur elsewhere m the membrane Such a conclusion 
seems reasonable and can probably be verified by a careful consideration 
of the conductance change after the application of a polarizing current On 
the other hand, the increased conductance after the point of inflection would 
require an outward current flow m the rectifier element during all of the 
tame that the total membrane current flow is inward and this will involve 
more detailed assumptions Indeed from the steady state characteristics 
one would say that the only current flow through this element during the 
entire action would be outward, which would correspond to a net transport 


of positive ions outward across the membrane This is in the proper dime 
tion to recharge the membrane during the recovery phase and might lead 
us to conclude that the conductance increase is concerned primarily with 
recovery Such a conclusion would agree with the observation that an 
axon nearly always failed to conduct soon after the impedance change 
during the passage of an impulse became too small to measure However, 
these conclusions are not justified unless it can be shown that during ex- 
citation and recovery the dependence of the membrane conductance on 
current is the same as for a constant current flow 

sttkhary 

The change in the transverse impedance of the squid giant axon caused by 
direct current flow has been measured at frequencies from 1 kc. per second 
to 500 kc. per second The impedance change is equivalent to an increase 
of membrane conductance at the cathode to a maximum value approxi- 
mately the same as that obtained during activity and a decrease at the 
anode to a minimum not far from sero There is no evidence of appreciable 
membrane capacity change in either case It then follows that the mem 
brane has the electrical characteristics of a rectifier Interpreting the 
membrane conductance as a measure of ion permeability, this permeability 
is increased at the cathode and decreased at the anode 
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INTRODUCTION 

At the time the experiments on the impedance change of the squid giant 
axon during current flow (Cole and Baker, 1911) were planned, it was realized 
that the measurement of the change of membrane potential during current 
flow was equally important. From the transverse impedance experiments 
it was possible to eliminate variations of the internal and external re- 
sistances, axon volume, and the membrane capacity and to express the 
change entirely as one of membrane conductance An increase of membrane 
conductance could be determined satisfactorily from the measurements, 
but a decrease could only be approximated and the resting reference level 
was out of the question (Curtis and Cole, 1938) There was the further 
possibility that a critical change of membrane electromotive force without 
an appreciable change of conductance might go unnoticed On the other 
hand, the change of membrane potential during current flow should give 
an independent measurement of the resting membrane resistance and capac- 
ity as well as changes of potential These measurements should be par- 
ticularly satisfactory for a decrease of membrane conductance, but they 
migh t not be so useful for an increase or for small changes of conductance 
Although it is to be expected that the potential and impedance changes can 
be correlated ultimately, the membrane potential measurements are at the 
present time more closely associated with the extensive external potential 
measurements which have been made on many other nerves 

In the past, it has been possible to make potential measurements with 
external electrodes only, and it is an m direct and rather uncertain procedure 
to estimate the membrane potential from these (Cole and Curtis, 1939) 
With the introduction of Young’s giant axon preparation from the squid 
(Young, 1936) and the capillary electrode technique (Hodgkin and Huxley, 
1939, Curtis and Cole, 1940) it has become possible to make du V w t 
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ments of the membrane potential The present experiments were under- 
taken primarily to investigate the relation between the steady state change 
of membrane potential and the membrane current and also to determine 
whether or not, with high cathode polarizations, the potential was the same 
before and after excitation (cf Cole and Baker, 1941) It was also planned 
to analyze the transients at the make and break of the polarizing current 
as completely as possible 


Material and Apparatus 

The giant axon from the hindmost stellar nerve of the Atlantic squid Lohgo pcahi 
was dissected out and teased free from small fibers It was then placed m a transverse 
impedance cell consisting of a sheet of insulating material in the top of which was cut a 
trough about 500p square and just large enough to accommodate the axon Square 
platinized lead impedance electrodes were set flush with the sides of the trough and 
opposite each other A thin glass cover slip was placed over the top of the cell after 
the axon was in place As before (Cole and Baker, 1941), the polarizing current was 
applied by the cam contactor to the two impedance electrodes in parallel and to a remote 
electrode at one end of the cell Resistances of from 1 5 10 1 to 5 10 5 ohms m series 
with the battery maintained approximately constant current as shown m Fig 1 

At first the external potential was measured between one of the impedance electrodes 
and an electrode at the other end of the trough relative to the remote polarizing electrode 
Although the alternating current impedance of a platinized electrode was only slightly 
affected by the current flow, the polarization potential of the electrode practically 
obscured the small potential change of the axon membrane The capillary needle 
technique (Curtis and Cole, 1940) was then applied and the potential difference measured 
between an impedance electrode and the capillary of the needle whose tip was w the 
axoplasm midway between the two impedance electrodes This also was unsuccessful 
because the electrode polarization practically obscured even this larger potential An 
outside potential electrode was then constructed by imbedding a fine glass capillary 
in the top surface of the cell with its tip at the center of the grounded impedance elec- 
trode and flush with its surface This capillary was filled with sea water and an electrode 
v\ as fixed at the opposite end Completely satisfactory potential measurements could 
non be made between the inside and outside needles with the polarizing current applied 
as before When the polarizing current was applied to the cell filled with sea water, 
but without an axon, a potential was obtained under some conditions, having a maximum 
value about 10 per cent of that obtained with the axon This effect was not investigated 
in detail, but corrections were made where it was measurable The amplifier and 
cathode raj'- oscillograph have been described (Cole and Curtis, 1939) 

EXPERIMENTAL 

Records were first taken of the membrane potential as a function of time 
for a senes of polarizing currents The membrane potentials for anode 
and cathode polarizing currents of 9 7, 24, and 48 /lamp are shown m Fig 
2 a, l, and c respectively At the lowest value of polarizing current, which 
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Fio 2 Oscillograph records of change of membrane potential during current flow 
vnth the resting potential as base line made on three successive sweeps in etch case. 

Anodes upward and cathodes downward are respectively increases and decreases 
of the membrane potential. Total current flow in pamp (a) 9 7 (6) 23 7 (below rheo- 
basc) (c) 47.5 (above rheobase) Potential calibrations indicated are fn millivolts 
Exponential sweep timing 500 cycles 



I'm 3 Oscillograph records of change of membrane potential (ordinates) rj nppron 
mate total current flow (abscissae) anode up and to nght cathode down and to left 
Maximum values of current m jiamp arc (a) 17.5 (6) 47-5 (c) 95 Current steps arc 
each 10 per cent of the maximum Potential calibrations indicated arc in millivolts. 

The dark spots corresponding to each value of current indicate the stead) stale 
change of membrane potential caused In the current The excursions of t 
tial change below these stead) state values on the cathodal side in b) 
action potentials initiated b) the make of the larger currents 
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is about 0 4 rheobase, the difference between anode and cathode is seen 
both in the behavior of the potential at the start of the current and m the 
constant level of potential finally reached Although the initial rate of 
rise of potential is approximately the same for both anode and cathode 
there is a distinct oscillation at the cathode which is not seen at the anode 
and the final value of potential at the cathode is somewhat lower than at 
the anode When the current is increased to 24 /lamp (Fig 2 b) barely 
sub-rheobasic, the cathode oscillation has somewhat greater amplitude, 
the anode nse is considerably slower, and the discrepancy between the 
final potentials is larger In going to 48 juamp (Fig 2 c) nearly twice 
rheobase, the first maximum at the cathode has become the propagated 
impulse m the characteristic all-or-nothing manner The establishment 
of the steady anode potential is even slower and the ratio of final potentials 
is still further increased 

Since there are obviously a number of factors involved m the initial or 
transient behavior of the potential, attention was first centered on the 
stead) state characteristics It then became convenient to record as 
much of the information as possible on a single film, and this was done by 
removing the sweep circuit voltage from the horizontal deflecting plates 
of the oscillograph and replacing it by a potential, derived from the polar- 
izing circuit, and proportional to the polarizing current When the current 
was apphed (Fig 3) the oscillograph spot gave a sudden horizontal deflec- 
tion from the center point proportional to the current, and then moved 
vertically as the membrane potential developed as was seen in Fig 2 
At the cessation of the current, the spot returned suddenly to the vertical 
axis, and then descended to the center more slowly as the potential returned 
to its resting value The polarizing current was apphed at intervals of 
about 1 second and by changing the current during the off period of each 
interval the complete current-potential senes of Fig 3 a, b, or c, could be 
obtained in about 20 seconds In Fig 3 a, the maximum current of 17 5 
juamp was sub-rheobasic but the oscillations of potential at the cathode 
are apparent in the width of the spot at the higher currents A decided 
departure from a linear relation between current and potential is quite 
evident As we go to the maximum value of 47 5 ,uamp (Fig 3 b) the 
rheobase was exceeded and the five highest values of current gave rise to 
propagated impulses with the potential falling considerably below the steady 
value, and the curvature of the locus of the steady values is even more 
marked For a maximum value of 95 /j . amp (Fig 3 c ) there are eight 
points above threshold and the current-potential relations at the anode 
and cathode are ven striking The complete data on one axon after 
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correction and reduction to common potential and current scales have 
been plotted in Fig 4 
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flow it was anticipated that a large polarizing current might maintain a 
depolarization after an excitation No evidence for this was found and a 
similar conclusion is to be drawn from the present experiments Experi- 
ments on the potential have been performed with sub-threshold exponen- 
tially rismg currents which gave the same steady state characteristic as 
when excitation took place at a sudden make In Fig 3 b and c, it is 
apparent that the steady state points form a continuous smooth curve up 
to four times rheobase and from Fig 4 there is no certain change of form 
as rheobase is passed It was also found that after a steady membrane 
potential had been reached in the polarized region, either anodic or cathodic, 
the potential returned to this same value after a distantly initiated impulse 
had passed through the region 


Calculations 

The first parameter to be computed is the resting membrane resistance 
This may be obtained from the curves for the change of membrane potential 
V U) vs the polarizing current, I Q) such as the one shown in Fig 4 For 
sufficiently small polarizing currents, t e near the origin, these curves 
may be approximated by straight lines, and the slope, V u /I 0 — R, has the 
dimensions of a resistance In this region of 1 or 2 microamperes, we 
are entitled to treat the membrane in the steady state as a resistance, n, 
for a unit length of axon, and the usual cable equation may be applied 
When fi, r 2 are the resistances for a unit length outside and mside the 
axon membrane, and ii, is are the corresponding currents, it is found (Cole 
and Hodgkin, 1939, equation 11) that in the mterpolar region (i e between 
the polarizing electrodes), at a distance x from the midpoint between the 
electrodes, the me mbrane pot ential difference is V M — (n»i — r 2 ^)X tanh 
(v/\), where X = VWfa + r 2 ) Then if * is large, this approaches 

Vis *= — r t fs)\ ( 1 ) 

By a simdar procedure it is found that m an extrapolar region, i e out- 
side the polarizing electrodes, and at a considerable distance from the origin 
at the end of the axon, we have again 


Vis = -M (2) 

For a narrow electrode — about as wide as the diameter of the axon — the 
membrane potential under it may be considered also as the mterpolar 
and extrapolar membrane potential, V u = V u On the mterpolar side, 
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tl -p t, «= I, and on the extrapolar, *1 + ti =■ 0, while the interpolar and ei 
trapolar inside currents are obviously equal, tj = Then from (1) and 
( 2 ) 


h 


J(fi + rd T ' 


and by (1), 



(3) 


So 


I. R 2 


and 


4(u +r«) 
r, - j J? 


( 4 ) 


As representative values we may taie n “ 1 9 10* ohm/cm , ri ™ 
1 8 10* ohm/cm to compute ri by equation (4), then for a membrane 


TABLE : 


ICobroa 

n ohm an. 

fU cir» cm.* 

500 

100 

14 4 

770 

240 

34 

540 

120 

17 

640 

170 

23 5 

&40 

290 

40 5 

(375) 

(57) 

(8 1) 

660 

180 

25 


1 

23 A-rtragc 


area per umt length of 0 14 cm 5 /cm we obtain the membrane resis- 
tance, Ri, for a square centimeter These values are given in Table 1 
from the available data. The values m parentheses are for an mexatable 
axon which was excluded from the average 
When the polarizing current exceeds more than a few per cent of the 
rheobase, it is no longer permissible to consider the membrane conductance 
as a resistance, r« Since as yet there is no evidence that the external and 
internal media may not be considered as resistances, r, and r,, we may use 
the cable equation (Cole and Curtis, 1938, equation 10) m the form 


<PF M 
dr* 


“ (ri + rilti 


where the membrane current density, is now to be determined as a 
function of V„ At a sufficient distance from the electrode in the extra 
polar region there is neither an appreciable polannng current flow across 
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Fig 5 Change of steady state membrane potential, Vu, vs membrane current den- 
sity, /if, as calculated from data of Fig 4 by equation (6) Rheobase indicated by R 


the membrane nor a potential difference caused by it As we approach a 
point at a distance x from the electrode, we have at each point, 

— (O +rj)*l(*) 

dx 


dry a 

d x 3 


(n + rj) 


d A 

dx 


('■j 


*L 

dVu ’ 


and 
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then 


Itt “ (ri + rOh 


JK 

dVu 


CD 


Then at the electrode, by equation (3) 


and we find from equation (5) that 


2fri + rO 


/«- 


f i , JU 
4(n + rd * dVx 


( 6 ) 


When dh/dVy is independent of I, this reduces to the previous case, equa- 
tion (4) We have / 0 and may determine dlt/dVu from Fig 4 for each 
value of Vu The membrane current densities, I *, then found by equation 
(6) and the membrane potential, V *, have been plotted m Fig 5 
The “variational” conductance, G, *=■ dlu/dVu may now be taken directly 
from Fig 5 This has been plotted against the total polarizing current, 
in Fig 6 for comparison with similar data from the impedance change 
during current flow (Cole and Baker, 1941, Fig 9) 


DISCUS SION 

Although the impaled axons often survived for several hours at room 
temperature and without circulating sea water, and the data could be 
taken with considerable rapidity, the reproducibility of the measurement* 
shown in Fig 4 was both surprising and gratifying 

The wide discrepancy between the present average value of 23 ohm 
cm 1 for the resting membrane resistance and the average value of 700 
ohm cm 1 found by Cole and Hodgkin (1939) calls for some comment. 
There are many possible factors because the two experiments have little 
in common except that they are both direct current measurements on the 
squid axon The first factor, which at the present time seems to he the 
most important, is the physiological condition of the axon For the longi 
tudinal resistance experiment the axon had to have a high membrane re- 
sistance, — otherwise the characteristic length would be so short that 
measurements could not be made with sufficient accuracy It was also 
found that the high resistance correlated rather well with good physiological 
condition and survival. In the transverse impedance work, it was found 
that the impedance change during activity was also a rather sensitive Index 
of the condition of the axon, more so than the action potential, for example 
Consequently we might expect that a high membrane resistance 
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associated with a large impedance change during activity and mce versa 
On this basis we should not be surprised at the low membrane resistance 
now found, because as has been pointed out (Curtis and Cole, 1940) the 
impedance change during activity was considerably lower immediately 
after impalement than it had been before Furthermore, the most complete 
data, such as m Figs 3 and 4, were obtained on axons for which the action 
potential had the average value of 50 mv found by Curbs and Cole (1940) 
This was considerably below the maximum potenbals obtained on axons in 
better condition From this point of view, it seems possible that both sets 
of measurements may be essenbally correct, and that they represent the 
membrane resistances of axons in different physiological condihons 

The other principal factor to be considered is the calculation of the results 
In the longitudinal measurements with infinite electrodes the theory is 
relabvely straight forward and represents the experimental conditions quite 
well, and furthermore, sufficient data could be taken to furnish a rather 
satisfactory check on the form of the theorebcal expression In the present 
case, however, the geometry is much more complicated and an exact solu- 
bon is out of the question The only simple approximations are those of 
a small axon diameter and a negligible electrode length at the pomt where 
measurements were made An electrode length of 0 5 mm is not negligible, 
but it is, after all, approximately the axon diameter One approximation 
is then as good or as bad as the other and each will have to stand until both 
can be improved upon This state of affairs is even more unfortunate 
because no reasonable experiments have been found which can either prove 
or disprove the validity of the equabons used for calculabon Another 
difficulty is that direct measurements of the internal and external 
resistances, ry and r 2 , could not be made, and the estimates used in the 
calculabons may not be particularly good As will be seen m equabon 
(4), relatively small errors of ri have a large effect on the calculated mem- 
brane resistance, u 

The transverse impedance during current flow gave the change of mem- 
brane conductance with the total polarizing current (Cole and Baker, 
1941, Fig 8) This may be compared with the vanabonal membrane 
conductance as a funcbon of the total polarizing current obtained in the 
present experiments (Fig 6) These two curves should be the same, except 
that a resting membrane conductance may be obtained from the present 
data, and an obvious similarity between them is found Each approaches 
a constant value of conductance at both high anode and high cathode 
polanzabons, and m each the change of this asymptobc value from that at 
rest is about ten times as large at the cathode as at the anode The absolute 
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values of the conductances and of the polarizing currents are, however, 
considerably different Although the two sets of measurements were not 
made on the same axon nor m the same measuring cell, these two measuring 
cells were so nearly identical that no serious difference m the flow of the 
polarizing current would be expected An appraisal of the analysis used 
for the interpretation of the data in each experiment is again a difficult 



Flo 6 Calculated membrane conductance under electrode, Gi, cx total current 
flow, It 

task As we have seen, there are a number of unsatisfactory aspects to the 
potential measurements, and the results of the impedance experiments also 
involve a number of compromises between theory and experiment which 
are not easily evaluated Consequently, until the discrepancies m the 
magnitudes of the membrane conductance and polarizing current can be 
definitely ascribed to the measurements or their analysis, it is not reasonable 
to assume that all the differences were actually in the axons Yet, as has 
been pointed out above, the most probable single factor is the puncture of 
the axon and its rather immediate consequences. In view of t 
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be more appropnate at the present time to overlook the differences and 
consider the common characteristics of the data and analyses of the two 
types of experiments as good evidence m support of each 

The performance of rectifiers has been expressed m various forms de- 
pending upon the use to which the information was to be put, but the 
most convenient specification of the rectification characteristics of the 
membrane is from either the variational resistances or the conductances 
at rest and at the maximum and minimum values It is found (Fig 6) 
that at the cathode the conductance is about thirteen times that at rest, 
while at the anode it is about one-eighth the conductance at rest Thus 
the ratio of the maximum conductances in the two directions is greater 
than one hundred to one and this is representative of the other data ob- 
tained 

It should be possible to calculate the membrane capacity from the initial 
rate of rise of the potential m Fig 2 but before this could be done it was 
necessary to consider the amplifier characteristics The combination of 
the needle electrode resistance and the input capacity of the amplifier was 
found subsequently to be the controlling factor which precluded the use 
of these data The oscillations which appear farther along in the initial 
transient of the membrane potential under the cathode are particularly 
interesting They agree in a general way with those found m the impedance 
change under similar conditions, for the frequency and amphtude are similar 
and the propagated all-or-none response agam appears at the first maxi- 
mum Although a detailed analysis would probably be misleading because 
of the apparatus limitations, the oscillatory response seems quite certain, 
and its appearance m both types of measurement emphasizes their common 
basis 


SUMMARY 

The squid giant axon was placed m a shallow narrow trough and current 
was sent in at two electrodes m opposite sides of the trough and out at a 
third electrode several centimeters away The potential difference across 
the membrane was measured between an inside fine capillary electrode with 
its tip m the axoplasm between the pair of polarizing electrodes, and an 
outside capillary electrode with its tip flush with the surface of one polarizing 
electrode 

The initial transient was roughly exponential at the anode make and 
damped oscillatory at the sub-threshold cathode make with the action 
potential arising from the first maximum when threshold was reached 

The constant change of membrane potential, after the initial transient, 
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was measured as a function of the total polarizing current and from these 
data the membrane potential is obtained as a function of the membrane 
current density The absolute value of the resting membrane resistance 
approached at low polarizing currents is about 23 ohm cm * This low 
value is considered to be a result of the puncture of the axon The mem- 
brane was found to be an excellent rectifier with a ratio of about one 
hundred between the high resistance at the anode and the low resistance at 
the cathode for the current range investigated 
On the assumption that the membrane conductance is a measure of its 
ion permeability, these experiments show an increase of ion permeability 
under a cathode and a decrease under an anode 
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JKTROmjCTION 

Until 1870 it was assumed that chlorophyll extrai 
alcohol, acetone, or similar solvents, was the same as 
the leaf In that year, Hagcnbach found that the rt 
the leaf was 10 to 20 mp further towards the red end 
the corresponding band in the extracts He later ( 
maximum of the weak leaf fluorescence was displaced 
respect to the strong fluorescence of chlorophyll in 
serrations have been repeatedly confirmed (e g , Huber 
and additional differences between the leaf pigment 
tions have since been observed, particularly with reg 
photos tabihty 

Among the many suggestions that have been offered 
cnees are that the leaf pigment is dispersed m (Tschin 
with lipoid (Palladin, 1910), that the pigment is 
(Heriitxka 1912) and possibly adsorbed ns a monomi 
tern (Willstitter and Stoll, 1913, Noach, 1927) 

In recent years, under the influence of the progres 
respiratory proteins and enxymes, there has been a sti 
that leaf chlorophyll is combined with protein (Lubim 
1928, Mestre, 1930, Hubert, 1935, Stoll, 1936, Smith, : 
only little evidence has been forthcoming to prove 1 
our intention to show that the properties of the green 
explained in terms of a true stoichiometric combmatio 

* Short notes on this work have alread> appeared (Smith, 1 

** Tnhn finvm finfmmfv'i’ni Mr*Tr>nn*1 PVUmt* nQ3R— IQJffl 
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protein, and to describe some of the properties of this compound 1 The 
studies of French (193S, 1940) have demonstrated that the chloroph)ll 
of photosynthetic bacteria is also bound to protein, showing that tins 
linkage is general m nature 


rr 

Most of the observations were made with a simple direct attract of the leaves of 
spinach ( Sptnacta olcracia) Leaves were separated from stems, washed thoroughlv, 
and then ground mechanically in a porcelain mortar with sand and a neutral or slightly 
alkaline buffer solution The sand and cell debns were removed by centrifuging at low 
speeds Opaque dark green preparations were obtained which show the dull red fluores- 
cence characteristic of the leaf 

Both Osborne and Wakeman (1920), and Noack noted that such crude leaf attracts 
from spinach show attrcmcly fine particles or globules under the microscope, so that 
what was actually studied was a suspension of the chloroplast material The suspended 
cliloroplast material can be separated in a variety of ways It is sedimented bi centri- 
fuging at moderate speeds (3000-4000 rpm), only a yellow or brown supernatant fluid 
remaining It can also be separated by filtration through a thick layer of paper pulp or 
a Seitz bacterial filter, or by filtering through kicsclguhr or Cclite All these separations 
indicate that the cliloroplast material is not in a molccularly dispersed solution The 
insolubility of the chlorophyll-protein complex appears to be due to the hvdrophobic 
character of the chlorophyll, and the other lipoids associated with it in the cliloroplast 
This is indicated by the work of Mcnkc (193S), who found that 37 per cent of the dry 
weight of the chloroplast (including the chlorophyll) is soluble m alcohol and ether 

Some extracts were made from the leaves of Aspidistra liinda because it w ns reported 
by Lubimcnko that this species gives aqueous extracts which arc completely water-dear 
and that the green pigment is in true aqueous solution We have been unable to confirm 
this observation While the Aspidistra axtracts appeared somewhat dearer than those 
from the spinach laaf, the extracts were always strongly opalescent For purposes of 
comparison, most of the observations in tins paper were made with the leaves of both 
species Unless specific differences arc indicated, observations nmv be taken to npplv to 
both species 


m 

Colloidal Chlorophyll 

The characterization of the leaf pigment has depended in large part on 
the position of its absorption bands Considerable controversy has at- 
tended efforts to explain the position of the red absorption band of the leaf 
on the basis of Kundt’s rule Mestre has summarized the evidence which 


1 At the moment it seems preferable to leave open the question of a name for this 
compound It has been pointed out to us that the term “phyllochlonn” suggested b\ 
Mestre which wc used m an earlier paper applies to a specific chemical derivative of 
chlorophvll Other names which have been suggested arc "chlorophyllc naturclle 
(Lubimcnko), “chloroplastm” (Stoll), and “photosvntlnn” (French) 
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effectively disposes of this suggestion However, many insoluble pigments 
show a shift in their band positions depending on the degree of dispersion 
A striking example in a naturally occurring pigment is turacm, the copper- 
porphynn compound of turaco feathers (Keiitn, 1926) In order to show 
that such factors were not concerned, a comparison was made between the 
leaf pigment and colloidal chlorophyll in various states of dispersion The 
spectral observations were confined to the region between 520 and 700 mg 
since the absorption of other leaf pigments can be neglected in this region 

Herhtzka and later Wills tatter and Stoll believed that the leaf pigment 
was colloidal chlorophyll, mainly on the basis of the similarity in position 
of the mam red absorption band Ivanovski (1907, 1913) opposed this 
view on the ground that not only were the band positions shghtly different, 
but that the relative intensities of the various bands were different. Hubert 
found recently that the mam red band of the leaf was at 680-681 mil whde 
that of colloidal chlorophyll was always further towards the blue but de 
pended on the state of aggregation 

Colloidal chlorophyll was prepared by rapidly diluting crude acetone 
extracts of the leaf with a slightly alkaline phosphate buffer in order to 
prevent phaeophytm formation The colloidal chlorophyll was dialyzed in 
cellophane membranes in the refrigerator against phosphate buffer m order 
to remove the acetone completely The maximum absorppon was always 
found In the region between 671 and 673 mji as measured with a Hilger- 
Nutting spectrophotometer The maximum absorppon of aqueous leaf 
extracts was consistently at 677-678 m/i Attempts were made to duplicate 
the appearance of the leaf pigment by preparing colloidal chlorophyll in 
the presence of proteins such as gelatin and horse serum In every instance 
the red absorppon maximum was the same as in the ordinary colloidal 
chlorophyll preparaPons. 

Preparapon3 of colloidal chlorophyll can be clarified, removing the cliarac- 
terlsPc bluish opalescence by adding a detergent such as digitonm or bde 
salts. The band posiPon was then found to shift to 674-675 mu The 
shift towards the red can be explained by the removal of the light scattering, 
since the amount of scattering is proportional to the reciprocal of the fourth 
power of the wave length according to the Raleigh equaPon 

Differences in the posiPons of the absorppon band in the red are always 
apparent, for colloidal chlorophyll the band is at 671-673, for the aqueous 
leaf extract at 677-678, and for the leaf itself at 681 m/i (Hubert) Ivanov- 
sU’s observapons ore confirmed not only on this point, but also on the fact 
that the rclaPve intensities of the absorppon bands are different, the min or 
absorppon bands area 540 and 580 mfi like those of ' m i>re 
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solvents are always much more prominent m colloidal chlorophyll than m the 
leaf or its aqueous extracts This is likewise true for the mam red bands of 
chlorophylls a and b, the separate b band is more prominent m colloidal 
chlorophyll or m organic solvents than it is m the leaf These diff erences 
are very striking when spectra of the different preparations are observed side 
by side with a low dispersion spectroscope 
No fluorescence was observed with colloidal chlorophyll preparations 
conflrming the older observations of Noack Meyer (1939) has claimed 
that preparations of colloidal chlorophyll do fluoresce We have made 
similar observations when relatively large amounts of alcohol or acetone 
were present, after removal of the organic solvent by dialysis, no fluores- 
cence could be observed 


IV 

Some Properties of the Leaf Pigment 

As yet no specific catalytic property of the chlorophyll-protein has been 
observed In order to characterize the material, it has been studied under 
vanous conditions 

Absorption Spectrum — The absorption spectrum of an aqueous extract 
of spinach is given in Fig 1, the data are presented m Table I The meas- 
urements were made with the photoelectric spectrophotometer of Shlaer 
(193S) Absolute extinction values cannot be given for the unpurified 
extract because of the presence of various yellow substances (blue-absorb- 
mg), and because of the light-scattering produced by the suspended particles 
This latter effect is clearly shown by the apparent absorption between 700 
and 750 m/z With an Aspidistra extract of comparable concentration 
(same extinction at 677 m/L) there is nearly the same amount of scattering 
in this region indicating a similar state of dispersion for the Aspidistra and 
spinach protems 

The maximum absorption at the red end of the spectrum has always been 
found at 677 to 678 mp Secondary bands are at 625 and 590, with a 
definite inflection at 650 m/x The minimum absorption is at 560 mfi 
The absorption bands in the short wave region are at 470 and 437 These 
latter bands are the resultant not only of chlorophylls a and b but of the 
carotenoids as well With Aspidistra extracts it is frequently possible, 
using a low dispersion microspectroscope, to separate two absorption bands, 
one at 470 and the other at 4S5-490 

Vanous substances have been tested for possible effect on the absorption 
spectrum of leaf extracts either because of their influence on photosynthesis 
or because they combine with some chromoprotems which are involved m 
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tissue respiration The tests were made by evacuating a control solution 
in a Thunberg tube and comparmg it side by side with the test sample under 
the rmcrospectroscope Among the substances which have been tested are 
oxygen, carbon dioxide, carbon monoxide, cyanide, hydroxyl amine, sodium 
azide, hydrogen sulfide, urethane, and mild oxidizing and redu cm g agents 
None of these was found to produce any observable change in the absorp- 
tion spectrum The inertness of the chlorophyll-protein compound with 
respect to these reagents is m contrast to the well known behavior of such 
iron-porphynn protem compounds as hemoglobin and catalase 

In contrast to the photolabihty of chlorophyll in organic solvents, the 
absorption spectrum of the pigment in the aqueous extracts was found to 
be stable to high light intensities for long periods A solution kept at 
20° C was subjected to an intensity of about 200,000 meter candies for 1 
hour without measurable effect on the absorption spectrum 

Effect of Organic Solvents — As mentioned above, the leaf spectrum and 
chlorophyll dissolved m organic solvents show differences not only in the 
position but also m the relative intensities of the absorption bands With 
an aqueous leaf extract at 20° C , the presence of low concentrations of 
acetone (10 per cent) does not produce any visible effect At higher acetone 
concentrations (20-25 per cent), definite changes take place m the spectrum, 
the minor bands become more prominent and the mam red band shifts 
slightly towards the blue With 30 per cent acetone, the protem begins to 
precipitate and is complete at about 50 per cent acetone but with some color 
remaining in solution At higher acetone concentrations the chlorophyll is 
rapidly extracted from the protem The effect of the different acetone 
concentrations is influenced by the pH of the solution, higher concentrations 
being necessary to produce the same effect for alkaline solutions (pH 8 5 
to 9) as compared with neutral ones Higher temperatures increase the 
ease of chlorophyll extraction Ethyl alcohol does not sensibly differ from 
acetone m its effect 

It is well known that ether will not extract chlorophyll from the leaf and 
that is equally true for the aqueous leaf extract However, when the aque- 
ous preparation is vigorously shaken with ether, the preparation is readily 
emulsified and the spectrum becomes that of free molecular chlorophyll 
m ether The fluorescence is also very much brighter Ether will extract 
chlorophyll quite readily from dried chloroplast preparations The failure 
of ether to dissolve chlorophyll from the leaf or aqueous extracts can be 
explamed by the low solubility of ether m water, just as with moderate 
acetone concentrations (35 per cent) the spectrum is changed but the chloro- 
phyll not extracted 

Effect of Temperature — Sorby discovered m 1872 that heating a leaf causes 
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a shift in the position of the main absorption band in the red WUlstStter 
and Stoll later showed that the spectrum of the boiled leaf is similar to that 
of chlorophyll in phytol or lecithin Noack found that heating a leaf causes 
the fluorescence first to disappear and on more prolonged heating to reap- 
pear He ascribed the disappearance of the fluorescence to the denatura- 
tion of the protein and its subsequent reappearance to the solution of the 
chlorophyll m some waxy component of the leaf Mestre found the change 
in the leaf spectrum to be a function of both time and temperature very 
similar to those for ordinary protein denaturations. 

Heating an aqueous extract of the leaf produces changes in spectrum and 
fluorescence identical with those directly observed on the leaf A green 
protein coagulum is gradually formed on heating a neutral solution above 
60° C , with the fluorescence becoming weaker When the coagulum is 
evaporated to dryness, the spectrum is identical with that given by Will- 
statter and Stoll for chlorophyll in phytol the fluorescence is much more 
intense than for an unheated control 

Aside from the fact that these heating experiments strongly indicate 
the linkage of chlorophyll to protein, they also provide excellent criteria 
for determining the native state of the pigment complex. As in expen 
ments with the chlorophyll solvents, the changes which take place are clearly 
reflected in the character of the spectra and fluorescence 

Effect oj Altah — At pH 9 0 the leaf extract is quite stable and Bhows no 
change in its solubility, precipitation properties, or spectrum In m/10 
NaOH, the band at 678 mp slowly becomes weaker and a new band at 640 
rap appears, this corresponds to the saponification of the estenfied groups 
which occurs in strongly alkaline solutions with molecular chlorophyll 
At the same time, the band at 475 mp shifts towards the shorterwavelengths, 
making more prominent the carotenoid band at 485-490 mp. The rate of 
saponification seems to be a direct function of the hydroxyl Ion concentra- 
tion In u/10 NaOH the effect can be detected only after some hours, 
while with 5 M alkali the reaction Is complete in a few minutes. In m/10 
alkali, the protein is gradually precipitated With very strong alkali 
(5 m), a precipitate of denatured protein forms immediately Protein 
denaturation and the change in spectrum appear to be roughly parallel. 

Effect oj Acid — Addition of dilute acetic acid causes the complete pre- 
cipitation of the protein at a pH between 4 5 and 5 0, with no apparent 
change m the spectrum F urther addition of aad to pH 2 gradually changes 
the green color to a yellowish green and finally a yellow to brown The 
spectrum 13 that of phaeophytin, the main red band is much weaker, and 
strong bands appear at 540 and 610 mp 

The protein precipitated at pH 4-5 is no longer _ 
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relative height of the middle region of the spectrum In addition, the 
pigment m digitomn shows a shift of the mam red band from 677-618 m g 
to 675 mg, and of the minimum region of absorption from 560 mg to 550 mg 
The sharper character of the band at 470 m/i m the digitomn solution is 
undoubtedly due to the removal of the yellowish impurities 
Solutions clarified by the addition of digitomn show a somewhat increased 
fluorescence when compared visually with a direct leaf extract It is likely 
that the apparent increase in fluorescence may be due to the decrease in 
hght scattering caused by the presence of the detergent 

TABLE n 


Absorption Spectrum of Spinach Leaf Extract m Digitomn 
Data of Fig 2 Extract prepared m 2 per cent digitomn and diluted 1 to 10 with distilled 
water 


X 

Density 

X 

Density 

X 

Density 

mu 


mu 


mu 


720 

0 0254 

610 

0 1794 

480 

0 5930 

710 

0 0346 

600 

0 1602 

475 

0 6414 

700 

0 0678 

590 

0 1506 

470 

0 6694 

690 

0 2218 

580 

0 1374 

465 

0 6670 

680 

0 6658 

570 

0 1182 

460 

0 6562 

675 

0 7370 

560 

0 0998 

455 

0 6734 

673 

0 7346 

550 

0 0974 

450 

0 7712 

670 

0 7086 

540 

0 1018 

440 

1 1294 

665 

0 5914 

530 

0 1090 

435 

1 1754 

660 

0 4654 

520 

0 1350 

430 

1 1202 

650 

0 3518 

510 

0 2054 

420 

1 0090 

640 

0 2590 

500 

0 3356 

415 

0 9522 

630 

620 

0 2090 

0 2034 

490 

0 4854 

410 

0 9046 


The precipitation properties of the chloroplast protem are distinctly 
modified by the presence of the digitomn Even saturation with ammonium 
sulfate is quite ineffective Most of the digitomn can be removed by ultra- 
filtration through a 3 per cent Bechold collodion membrane without loss 
of pigment, but prolonged dialysis is necessary for complete removal of the 
detergent The absence of the digitomn m the dialysate can be readily 
tested by shaking vigorously since all of the detergents produce a persistent 
foaming After dialysis, the pigment is readily precipitated by a tenth 
saturation with a mm onium sulfate, and can be redissolved in digitomn 
solution The pigment can also be precipitated by acidification to pH 4 5 
and redissolved by buffer solution at pH 9 0 This process can be repeated 
indefinitely In this respect, the properties of the pigment are similar to 
those produced by direct acid precipitation 
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Bile salts (a purified mixture of sodium glycocholate and taurocholate) 
and sodium desoxycholate have also been used for dispersing the chloro- 
plast pigment. The properties of the pigment m these detergents closely 
resemble those in digitomn solutions For equivalent concentrations, the 
desoxycholate is somewhat more effective than either bile salts or digitomn 
However, desoxycholate has the disadvantage of being insoluble at acid 
pH's and it tends to precipitate or gel even at slightly alkaline ones. 

The absorption spectrum of the pigment in these detergents is almost 
identical with that found in digitomn The only difference is that in both, 
the position of the mam red band is shifted further towards the blue, and 
is found at 671 to 672 mpi 

Concentrated urea solutions (50 per cent) also clanfv aqueous solutions 
of the chloroplast pigment The absorption spectrum is identical with 
that of the pigment m digitomn with the mam red absorption band at 
675 m/i 


v 

Relationship of Chlorophyll to Prolan 

If a true combination exists between chlorophyll and protein, there should 
be a d efini te quantitative relationship between them This point has been 
investigated by purifying the chloroplast material in different ways, and 
then evaluating chlorophyll in relation to the dry weight, and m a few cases, 
to the chloroplast nitrogen as well 

Estimation of Chlorophyll Concentration — The usual method of estimating chlorophyll 
colorlmctncaUy by matching against a standard solution of chlorophyll is subject to the 
difficulty of obtaining chlorophyll solutions of known punty Moreover, the absolute 
extinction coefficients of chlorophylls a and b are still subject to some revision although 
it does not appear likely that they will change very much. W e have preferred to estimate 
chlorophyll by measuring the extinction at the maximum absorption at the red end of the 
spectrum where there is no interference by the yellow pigments of the leaf Using the 
best absolute extinction values It is then possible to compute the chlorophyll concert 
tration. 

Although the position of the absorption band in the aqueous preparations is different 
from that of chlorophyll in organic solvents, the same preparation has an identical ex 
tincticm value in the aqueous extract clarified by digitomn, or in ether or petroleum 
ether 1 This comparison was made by diluting an aliquot portion of the concentrated 
aqueous extract until the extract had several times the chlorophyll concentration suitable 
for spcctrophotometnc estimation. The extract was then diluted with a 5 per cent 
solution of djgjtonln until the final digitomn concentration was 1 or 2 per cent. 

* In a preliminary communication (Smith 1940) it was inad\ ertently stated that the 
“extinction value in water as proton compound, or in ether or petroleum ether” la the 
same. The statement should read aqueous digitonin in place of ‘water ” 
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The chlorophyll from another sample of the extract was transferred to ether by adding 
ten volumes of acetone to precipitate the protein, washing with more acetone, and finally 
washing the chlorophyll into the ether by adding water After several additional wash- 
ings of the ether with water, the ether extract was brought to a definite volume and the 
chlorophyll estimated spectrophotometrically The data of four separate experiments 
are given in Table III Single determinations with ethanol and acetone as solvents are 
in agreement with the data for ether and petroleum ether 

The aqueous extract cannot be directly compared with the organic solvents since 
the former shows a large and variable loss of light caused by scattering, giving an ap- 

TABLE m 


Comparison of Chlorophyll Absorption in Different Solvents 


Experiment 

Solvent 

\ maximum 

Density 

Averages 



mp 



1 

Ether 

660 

1 14 




661 

1 16 




660 

1 17 

1 16 


Digitomn 

675 

1 18 




675 

1 17 

1 18 

2 

Petroleum ether 

661 

1 25 




660 

1 22 

1 24 


Digitomn 

675 

1 25 

1 25 

3 

Ether 

660 5 

1 67 




660 

1 81 




660 

1 80 

1 76 


Digitomn 

674 5 

1 80 

1 80 

4 

Ethanol 

665 

1 36 



Acetone 

663 

1 32 



Digitomn 

675 

1 40 



preciably higher extinction value While digitomn has been used to eliminate this 
scattering, it is likely that other clarifying agents, such as bile salts, would also serve 
the same purpose The absorption of the pigment in digitomn was found to follow the 
Lambert and Beer law over a tested concentration range of one to ten 

Accepting the findings of Willstatter and Stoll, it has been assumed that the leaf 
pigment contains chlorophylls a and b in a ratio of three to one On this basis, values 
for the mixed pigments have been computed from the best available data Using the 
molecular extinction coefficient £ where 

ted = logio lo/l = D 

the data of Zscheile (1934) give 5 4 X 10 4 When the data of Wmterstcm and Stein 
(1933) are converted from log, to logio, the same value is obtained MacKwncys 
(1940) recent data on chlorophylls a and b yield the value 5 6 X 10 4 Since the higher 
value indicates purer components, the absolute chlorophyll concentrations are calculated 
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basis of three parts of a to one of b The remaining nitrogen was assumed 
to be protein nitrogen, using the customary factor 6 25 The average 
chlorophyll content of the isolated chloroplast matenal was 7 86 per cent 
For the three experiments where nitrogen was determined, the protein 
content of the chloroplasts was 46 5 per cent in good agreement with the 
average value of 47 7 per cent found by Menke (1938) for spinach leaves 
The average chlorophyll content was 16 1 parts of chlorophyll per 100 
parts of protein 5 This is in contrast to the results of Gramck (1938) and 
Mommaerts (1938) Gramck found 27 parts of chlorophyll per 100 parts 
of protem calculated from his statement of 30 molecules of chlorophyll 

TABLE IV 


Relationship of Chlorophyll to Protein in Chloroplast 


Species 

Nitro 

gen 

Protem 

N 

Protem 
(protein 
N 6 25) 

Density 

Chloro- 

phyll 

Chloro 
phyll 
per 100 
parts of 
protem 

Method of purification 


per cent 

per cent 

per cent 


per cent 



Spmacia 

8 3 

7 8 

48 8 

4 93 

7 94 

16 3 

High speed centrifuging 





5 26 

8 47 


(NHr)jSOr precipitation 





4 88 

7 86 


tt tt tt 






8 15 


Sodium chloride precipitation 






8 69 


<< tt tt 

Aspidistra 

7 4 

6 9 

43 1 

1 4 43 

7 13 

16 5 

(NHOaSCh precipitation 


8 1 

7 6 

47 5 

4 56 

7 34 

15 5 

tt it tt 





4 33 

6 97 


tt tt tt 





5 07 

8 16 


tt tt tt 





4 92 

7 92 


tt tt tt 

Averages 


7 4 

46 5 

4 88 

7 86 

16 1 



per 100,000 molecular weight of protem Mommaerts found about 5 5 
parts of chlorophyll per 100 parts of protem The decided discrepancy 
between the results of these two investigators and the data given here may 
be at least partly explained by the fact that Mommaerts removed the chloro- 
phyll from the chloroplasts with ether and determined the dry weight of the 
ether-insoluble residue, assuming that it was entirely protem Gramck 
determined chlorophyll colorrmetncally but did not specify his standard 
of comparison If his standard was of lower purity than MacKmney’s 
it would aid m explaining the difference 

B After this work had appeared in preliminary form, the paper of Menke (1940) be- 
came available in which he reported an average value of 17 2 parts of chlorophyll per 100 
parts of protein This is in excellent agreement with the value of 16 1 reported here 
when one considers the different methods used 
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The value of 16 1 per cent chlorophyll may have to be lowered somewhat if 
the absolute extinction coefficients for pure chlorophylls a and b are found 
to be higher This does not appear likely since the results of Zscheile, 
Winterstem and Stem, and MacKinney agree within 5 per cent. On the 
other hand, further purification of the chloroplast protein may necessitate 
some revision of this figure Some of the chloroplast nitrogen may not 
belong to the chlorophyll protein Our evidence is negative in that other 
purification methods were unsuccessful in changing the chlorophyll to dry 
weight ratio The pigment was readily adsorbed at pH 6 6-6 8 by alumina 
cy, and gelatinous calcium triphosphate but elution at pH 8 to 9 5 was 
unsuccessful When partial adsorption was earned out by using an amount 
of adsorbent insufficient to remove all of the pigment, the remaining pig- 
ment did not differ from the starting material already purified by salt 
precipitations. Other adsorbents such as copper hydroxide and calcium 
hydroxide behaved similarly At pH 6 6 the green pigment was not ad 
sorbed by bone charcoal or kaolin, nor did these adsorbents remove enough 
impunties to change the chlorophyll to dry' weight ratio 

A few attempts were made to obtain an independent estimate of the 
chlorophyll concentration by measuring the magnesium content of leaf 
extracts or purified material by the Titan yellow method after digestion 
with sulfunc acid or with nitric add and HjO« The values obtained, es- 
pecially with the unpunfied extracts, always gave chlorophyll estimations 
much higher than those found by the spectxophotometnc method, indicating 
the presence of magnesium not bound in the chlorophyll molecule 

VI 

DISCUSSION 

From the evidence of the spectral and chemical properties of the chloro- 
plast pigment, it seems certain the chlorophyll exists m the leaf as the pros- 
thetic group of a definite protein The constant proportionality of 
chlorophyll to protein must be regarded as one of the more important facts 
indicating this linkage in spite of the fact that some uncertainty remains 
attached to the absolute ratio 

It is still undetermined whether the large quantity of non protein material 
associated with the chloroplast protein represents a molecular combination 
or only an association complex. If the entire complex is m molecular com 
bmation, then the average chlorophyll content of 7 86 per cent would mdi 
cate a minimum molecular weight of 11,500 for the complex, 
chlorophyll protein ratio of 16 1 to 100, the minimum 
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5600, or a little over three chlorophyll molecules for the Svedberg protein 
unit of 17,500 Because of the much smaller light absorption at the stand- 
ard wave length of chlorophyll b compared to chlorophyll a, the three and a 
fraction may represent three molecules of chlorophyll a and one of b In 
their analyses of the leaves of many green plants, Willstatter and Stoll 
found that the ratio of chlorophyll a to b seldom deviated from three to 
one Usmg a different method of chlorophyll estimation, Wmterstem and 
Stem found the same ratio This suggests a definite combining ratio of 
three molecules of a and one of i m the same protein unit Although 
many hypotheses have been advanced ascribing different functions to 
chlorophylls a and b, this is, we believe, the first suggestion to explain the 
constant ratio 

There is some doubt whether the carotenoids are also bound to protein 
None of the purification methods which have been attempted has served 
to separate any of the chlorophyll or carotenoid components of the chloro- 
plast The fact that petroleum ether readily extracts the carotenoids but 
not chlorophyll from dned chloroplast material indicates that the caro- 
tenoids may be only loosely associated rather than bound by true chemical 
linkage On the other hand, sedimentation studies m the ultracentnfuge 
(Smith and Pickels, unpubhshed) m the presence of sodium dodecyl sulfate 
reveal no separation of chlorophylls and carotenoids even though the pro- 
tein is split into smaller units The existence of carotenoid-protein com- 
pounds in nature such as the astacene compounds of Crustacea, and visual 
purple, shows that such combmation is not unlikely 

Whether the close association of all the pigment components of the chloro- 
plast is a loose one or is in the form of a pant molecule as postulated by 
Lubimenko, this association must be of importance in the photosynthetic 
mechanism In any case, the combmation of chlorophyll with protein 
must be taken into consideration in dealmg with the problem of photo- 
synthesis 

It is a real pleasure to acknowledge the generous help and many kind- 
nesses of Professor D Keihn while the author was a guest at the Molteno 
Institute, and to thank Professor Selig Hecht for his always available advice 
and criticism 


SUMMARY 

1 Aqueous extracts of spinach and Aspidistra leaves yield highly opales- 
cent preparations which are not in true solution Such extracts differ 
markedly from colloidal chlorophyll m their spectrum and fluorescence 
The differences between the peen leaf pigment and chlorophyll in organic 
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solvents are shown to be due to combination of chlorophyll with protein 
m the leaf 

2 The effect of some agents on extracts of the chlorophyll protein com 
pound has been investigated Both strong acid and alkali modify the ab 
sorption spectrum, acid converting the compound to the phaeophytin 
derivative and alkali saponifying the estenfied groups of chlorophyll. Even 
weakly acid solutions (pH 4 5) denature the protein Heating denatures 
the protein and modifies the absorption spectrum and fluorescence as earlier 
described for the intact leaf The protein is denatured by drying Low 
concentrations of alcohol or acetone precipitate and denature the protein, 
higher concentrations cause dissociation liberating the pigments 

3 Detergents such as digitoiun, bile salts, and sodium desoxycholate 
danfy the leaf extracts but denature the protein changing the spectrum 
and other properties 

4 Inhibiting agents of photosynthesis are without effect on the absorp- 
tion spectrum of the chlorophyll protein compound 

5 The red absorption band of chlorophyll possesses the same extinction 
value in organic solvents such as ether or petroleum ether, and in aqueous 
leaf extracts clarified by digitomn although the band positions are differ 
ent. Using previously determined values of the extinction coefficients of 
purified chlorophylls a and b, the chlorophyll content of the leaf extracts 
may be estimated spectrophotometncally 

6 It was found that the average chlorophyll content of the purified 
chloroplasts was 7 86 per cent. The protein content was 46.5 per cent 
yielding an average value of 16 1 parts per 100 parts of protein This 
corresponds to a chlorophyll content of three molecules of chlorophyll a 
and one of chlorophyll b for the SvedbeTg unit of 17,500 It is suggested 
that thi3 may represent a definite combining ratio of a and 6 in the protein 
molecule 
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I 

INTRODUCTION 

Evidence has been presented that in the green leaf chlorophyll is bound 
to protein by true chemical linkage (Smith, 1941) In order to elucidate 
additional properties of this compound, the effect of sodium dodecyl sulfate 
was studied Sreemvasaya and Pine (1938) demonstrated that the tobacco 
mosaic virus protein is split by sodium dodecyl sulfate into fragments of 
smaller sire than the initial virus preparation, and at the same time, the 
nucleic aad is separated from the protein Anson (1939) observed that 
vanous detergents m eluding some which contain sodium dodecyl sulfate 
denature hemoglobin and egg albumin Keilm and Hartree (1940) found 
that cytochrome c is reversibly changed by sodium dodecyl sulfate ap- 
parently affecting the linkage of the heme group to the protein since the 
absorption spectrum is modified. 


n 

Effect of Sodium Dodecyl Sulfate 

When a solution of sodium dodecyl sulfate (SDS) 1 is added to an alkaline 
leaf extract, every trace of opalescence disappears and a brilliantly clear 
green solution is obtained SDS thus has a similar action to digitomn or 
bile salts (Smith, 1941), but differs from these in its much greater effective- 
ness. The SDS clarified preparations show a clear red fluorescence which 
appears to be greater than that of the untreated leaf extract, but have a 

* Part of this work has already been presented In a preliminary communication (Smith, 
1940 o) 

** John Simon Guggenheim Memorial Fellow (1938-1940) 

1 The SDS used in these experiments was part of a gift to Professor D Kell in from 
Imperial Chemical Industries 
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iuch smaller fluorescence than an equivalent concentration of free chloro- 
hyll m acetone or ether 

The most stnkmg action of the SDS is that m addition to clarifying the 
ilution, magnesium is eliminated from the chlorophyll converting it to 
haeophytm The reaction is extremely rapid m weakly acid solutions 



403 SOO 600 700 


Fig 1 The absorption spectra of the chloroplast pigment m SDS solutions at pH 8 90 
Zurv e a) and pH 5 30 (Curve b) In the short nave region of the spectrum, the curves 
a.\e been plotted at a tenth of the measured density values The data are given in 
able I 

nd takes place slowly in more alkaline solutions This change is apparent 
y the stnkmg color change from the onginal brilliant green first to an olive 
reen and finally to a yellow or brown depending on the concentration of 
he pigment In Fig 1 are shown the absorption spectra of two solutions 
lentical in all respects except that a was buffered at pH 8 9 and b at pH 5 3 
"he spectrum of the alkaline solution -was measured immediately after 
ddition of the SDS No significant change occurred during the course of 
he measurements After addition of the SDS solution to the acid buffered 
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solution (5), it was allowed to stand overnight to permit the reaction to 
go to completion 

The spectrum of the chlorophyll protein compound even in the alkaline 
SDS solution shows striking changes The maximum of the mam red band 
which is at 678 in the leaf extract is shifted to 670 m^i The prominent 
bands in the blue at 470 and 437 mp are reduced in the SDS treated solution 
to shght inflections, as the entire curve appears to rise towards a maximum 
in the ultraviolet. 

The spectrum of the acid SDS solution is plotted on the same density 
scale as the alkaline one It shows a decided decrease in density at the 
red maximum which remains at 670 mp, a pronounced shift of the entire 
blue absorption region towards the ultraviolet, and the appearance of 
three new absorption bands at 610, 540, and 510 m/c The absorption 
minima are at 632 5, 583, 527.5, and 490 m/x The actual measurements 
of both spectra are given in Table I Comparison of the acid spectrum with 
the absorption spectrum of phaeophytm o in dioxane (Stem and Wcnderlem, 
1936) shows that phaeophytm, the magnesium free derivative of chlorophyll, 
has been formed In dioxane, the band maxima are from 1 to 5 m/i further 
towards the blue end of the spectrum than for the pigment m aqueous 
solution 

Ultrafiltration of a clarified extract through a 3 per cent Bechold collodion 
membrane or dialysis docs not result m any loss of chlorophyll or carotenoid 
pigment showing that these pigments remain attached to large molecules 
After prolonged dialysis against alkaline buffer solutions, the SDS may be 
nearly completely removed The solution remains dear The pigment 
and protein are precipitated by acidifying with dilute acetic acid, and can 
be redissolved with alkali The complex is precipitated from solution by a 
tenth saturation with ammonium sulfate This precipitate cannot be re- 
dis3olved in water or neutral buffer, but is readily dissolved in SDS solution 
The low concentration of salt required and its subsequent insolubility mdi 
cate that the proton is denatured by SDS This is true for the protein 
compound whether the prosthetic group is phaeophytm or chlorophyll 
No separation of the pigment from the protein can be obtained by fractional 
preapltabon 

SDS readily dissolves the protein denatured by boiling However, m 
these preparations, phaeophytm is formed much more rapidly than in 
control preparations buffered at the same pH In one experiment, two 3 mb 
samples of a leaf extract were strongly buffered at pH 8 One was boiled 
for 5 minutes, cooled to room temperature, and 1 ml of 5 per cent SDS 
added to both solutions. In the boiled solution, phaeophytin formation 
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was complete in less than 3 hours, while the control solution still showed 
some green color and mcomplete phaeophytm formation after 20 hours 

TABLE I 

The Effect of Sodium Dodecyl Sulfate on the Absorption Spectrum of the Chloroplast Pigment 

Data of Fig 1 


Measurements were made with the spectrophotometer of Shlaer (1938) 


X 

Density at pH 

8 90 

Density at pH 

5 30 

X 

Density at pH 
890 

Density at pH 
5.30 

mV 

750 

0 0244 

0 0052 

mp, 

560 

0 1168 

0 0964 

740 

0 0260 

0 0088 

550 

0 1127 

0 1220 

730 

0 0244 

0 0096 

542 

— 

0 1612 

720 

0 0260 

0 0116 

541 

— 

0 1628 

710 

0 0319 

0 0152 

540 

0 1151 

0 1628 

700 

0 0462 

0 0216 

538 

— 

0 1600 

690 

0 1327 

0 0576 

530 

0 1134 

0 1304 

685 

0 2369 

0 1156 

527 5 

— 

0 1284 

680 

0 4116 

0 2508 

525 

— 

0 1288 

675 

0 5855 

0 4172 

520 

0 1268 

0 1372 

672 

0 6426 

0 4744 

511 

— 

0 1612 

671 

— 

0 4848 

510 

0 1772 

0 1616 

670 

0 6712 

0 4872 

509 


0 1612 

669 

0 6712 

0 4848 

500 

0 3066 

0 1436 

668 

0 6695 

— 

495 

— 

0 1316 

665 

0 6375 

0 4232 

490 

0 5359 

0 1276 

660 

0 5158 

0 3312 

485 

— 

0 1320 

650 

0 3721 

0 1636 

480 

0 7619 

0 1404 

640 

0 2545 

0 0944 

475 

— 

0 1480 

635 

— 

0 0840 

470 

0 8854 

0 1592 

632 5 

— 

0 0824 

465 

— 

0 1808 

630 

0 2302 

0 0840 

460 

0 9408 

0 2324 

625 

0 2302 

— 

455 

— 

0 3188 

620 

0 2302 

0 1108 

450 

1 1567 

0 4304 

612 

— 

0 1308 

445 

— 

0 5684 

610 

0 2134 

0 1320 

440 

1 4860 

0 6768 

608 

— 

0 1304 

435 

— 

0 6904 

600 

0 1873 

0 0984 

430 

1 5750 

0 7612 

590 

0 1722 

0 0664 

425 

— 

0 9280 

5S5 

— 

0 0616 

420 

1 7302 

1 0836 

583 

— 

0 0604 

415 

— 

1 1252 

580 

0 1537 

0 0624 

410 

1 8287 

— 

570 

0 1336 

0 0784 





This suggests that the action of the SDS takes place at several different 
linkages m the chlorophyll-protein compound Anson has shown that 
Duponol WA, which consists mostly of SDS, readily denatures hemoglobin 
with liberation of sulfhydryl groups Similarly it appears that SDS de- 
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natures the chlorophyll protein compound splitting linkages which faahtates 
the removal of magnesium from the molecule When denaturation is 
first accomplished by heating, the magnesium is rnpidl> removed 

It should be emphasized that SDS remo\ es magnesium from the 
chlorophyll protein compound in neutral and in slightly alkaline solutions 
Heretofore, acid has been used to remove magnesium from chlorophyll 
dissolved m organic solvents. SDS is without effect on chlorophyll dis- 
solved m acetone Magnesium is removed by SDS from colloidal 
chlorophyll suspended m neutral solutions but at a slower rate than from 
the chlorophyll protein compound 


in 

Kiittltcs 

1 Methods and Procedure — All of the measurement* were made with unpunfied 
extracts of spinach leaves prepared as already described (Smith, 1941) The conversion 
of the pigment from chlorophyll to phaeophydin is readily observed spectrophotometn 
cally because of the pronounced differences in the absorption spectra of the two pigments 
The changes were followed at three separate wave lengths at 670 nyi the principal 
maximum in the red where a large decrease in density takes place (Fig 1), similarly at 
610 mp the maximum of a phaeopbytin absorption band and at 540 m/i where an in 
crease in density takes place and a new absorption band appears. The measurements 
were made using the sensitive photoelectric spectrophotometer of Shlaer (1938) 

After several preliminary experiments, all of the experiments were earned out over a 
period of 6 davi on a single extraction which was kept in the refrigerator, no sensible 
change occurred in the extract during this penod. Measurements were made at five 
pH values and at six different concentrations of sodium dodecyl sulfate, making ten 
runs in all since one run served for both senes. The experiments of both senes were 
made in random order 

The procedure was as follows A sample of the extract was removed from the refngera 
tor and allowed to come to room temperature. To 0.5 ml. of extract were added 1 0 
mL of the appropriate sodium phosphate buffer (in one experiment sodium acetate 
buffer was used) a quantity of water where it was necessary to bring the solution to the 
final volume of 3 mL, and finally the sodium dodecyl sulfate solution. The final buffer 
concentrations were always tenth molar The solution was mixed rapidly and pipetted 
mto an absorption cell of 5 mm optical thickness. Measurements were then carried out 
as rapidly as possible at the three wave lengths. In all cases the pH of a sample of the 
reaction mixture was measured with the glass electrode. The measurements were made 
at room temperature (22~-24°C-) 

2 Effect of pH — The change in density at 670 m/i at different pH’s is 
shown in Fig 2 and the data are given in Table II. For the data of pH 
7 96, the correct tone values are twice those in the figure It is apparent 
that there is a large change in the rate of the reaction depending on the pH 
of the solution At pH 7 96 nearly 5 hours (294 mm ) arc required for half 
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Fig 2 Density changes at 670 m/z in solutions of different pH For the data of 
pH 7 96 the plotted time values should be doubled The numerical values are in Table H 



Titye ~ ty/tyQfes 

Fig 3 Densit} changes at 540 mp in solutions of different pH Tor the data of 
pH 7 96 double the plotted time \ alues The data are given in Table HI 
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TABLE n 

Chant* in Densely at 670 rnp at Di_ftrtnl pWs 

Data of Fig 2 SDS concentration constant at 1 67 per cent. Solution at pH 5 46 In 0 1 u 
sodium acetate buCera others rnOlu sodium phosphate bufieia. 



TABLE m 

Chant* *» Density at 540 at Dijtrtnl pWt 

Data of Fig. 3 Meumementa made alternately with those given in Table II using the same 


solution! 

pH -5 46 

pH- 

6.05 

pH-ttJO 

pH - 6M 

pH - T*5 

Umi 

Density 

Ttnv* 

Dcnalty 

Him 

Daurity 

Hi an 

D unity 

Time 

Deraity 

mi*. 


min. 


mi*. 


mi*. 


Mi*. 


5 0 

0 2160 

5 0 

0 2008 

5 7 

0 1672 

6 2 

0 1542 

5 5 


9 0 

0 2208 

10 0 

0 2116 

10 8 

0 1848 

11 5 

0 1691 

10 9 


14 3 

0 2220 

17 0 

0 2163 

16 6 

0 1964 

16 8 

0 1802 

17 3 

0 1352 

17 2 

0 2224 

23 7 

0 2184 

22 5 

0 2040 


0 1894 

34 7 

0 1364 

39 5 

0 2244 

33 3 

0 2204 

27 7 

0 2076 

BT? 

0 1954 

46 0 

0 1376 

113 

0 2224 

57 5 

0 2224 

38 0 

0 2124 

B?r. \K 

0 2002 

64 3 




97 5 

0 2240 

48 5 

0 2144 

BV.-k Jk 

0 2062 

80 0 






64 0 

0 2168 

Bn? 

0 20S2 

180 

0 1544 





93 0 

0 2192 

Bs'5 % 

0 2110 

198 

0 1556 





128 

0 2208 


0 2150 

248 

0 1624 





158 

0 2212 

ilFMlfcj 

0 2170 

274 

0 1656 







159 

0 2182 

291 

0 1656 







251 

0 2210 

342 

0 1736 









366 

0 1756 
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of the total density change On the other hand, at pH 5 46 the reaction is 
practically complete m 10 minutes It has not been feasible to measure 
the rate in more acid solutions because of the tune required for mixing and 
transferring the solutions to the spectrophotometer 

In Fig 3 and Table III are presented the data which were obtamed on 
the same solutions at 540 vn.fi The character of the data is exactly the 
same as those at 670 m fi except that they show an increase m density mstead 
of a decrease The precision of the measurements with the spectrophotom- 
eter used is well illustrated by these data since the density changes at this 



pH 


Fig 4 Rate of phaeophytin formation as a function of pH at three density values 
A, 0 72, B, 0 76, C, 0 80 These are the data for 670 m n and are given in Table IV 

wave length are very small The data obtamed at 610 m/i have been 
omitted since they are so similar m character to those at 670 m fi It is 
evident that the pH of the solution has little or no effect on the final phae- 
ophytin spectrum since the final density is the same at all pH’s both at 670 
and 540 m/a, this is likewise true for the data at 610 m fi 
The influence of pH on the rate of the reaction can be estimated from 
the time required to reach a given density value at any one pH In Fig 4 
are plotted the log rates (-log times) versus the pH, for three different density 
values The fines drawn through the data have a slope of minus one in- 
dicating that the log rate is mversely proportional to the pH, or that the 
rate of the reaction is directly proportional to the hydrogen ion concentra- 
tion In other words, m the presence of sodium dodecyl sulfate the removal 
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o£ magnesium of the chloroplast pigment appears to be influenced by a 
simple hydrogen ion catalysis The data in Fig 4 are given m Table IV 
together with the data obtained from the measurements at 540 m/i The 
effect of hydrogen ion concentration is identical at the three measured 
wave lengths 

3 Effect of Sodium Dodccyl Sulfate Concentration — In Fig 5 and Table V 
are presented the data obtained for the change in density at 670 mji. The 

TABLE IV 

Rate of P hate pky tin F omnium Ai a Function of pH 


Tt*! diU oC 670 tre ihown g rap hically in Fig 4 These values were obtained by Inter 
polation from the measurement! given in Tables II and HL The value in bracket* was ob- 
tained by extrapolation 


W*T* 

length 

PH 

Density 

-0 7100 

Doalty 

-0 7100 

Demit? 

-OJOO 

Tboo 


Time 1 

—lot time 

Tim* 


mil 


mi*. 

| — lo< time 

min. 


mi* | 

| — lot Urn* 

670 

5 46 

2 7 

-0 431 

— 

— 

— 



6 OS 

8 4 

-0 924 

3 7 

-0 568 

— 

— 


6 50 

24 0 

-1 380 

13 1 

-1 117 I 

8 0 

-0 903 


6 68 

, 41 4 

-1 617 

23 3 

-1 367 ! 

15 0 

-1 176 


7 96 

— 


1*40 ] 

1—2 M4] 

340 

| -2 532 



Dcmlty 

-0.2200 

Otnrity 

- 0.1700 



1 


Tin. 

— lof tiro* 

Time 

—lot tim« 





mU. 


min. 




540 

5 46 

8 2 

-0 914 

- 

— 




6 05 

30 8 

-1 489 

— 

— 




6 SO 

105 

-2 021 

6 3 

-0 799 




6 63 

217 

-7 J37 

117 

-1 068 




7 96 

— 

— 

314 

-2 497 




plotted tune values should be doubled for the data at the lowest SDS con 
centra tion (0 0209 per cent) The solutions were all buffered at pH 6 50 
The curves show a marked effect of SDS concentration when the concen 
tration is low With these solutions there was no noticeable difference in 
character or rate of clarification of the solutions When SDS was added 
to make the final concentration 0 01 per cent, or half that of the lowest 
concentration gi\en m Fig 5, no clarification of the solution was obtained 
It was not possible to measure this solution spectrophotometncally There 
seems to be a fairly abrupt transition below the least effective concentration 
of SDS indicating a threshold effect- 

Relative rates of phaeophytm formation as a function of SDS concentre. 





O 00209 
• 00335 
» 0/67 
e 0 333 
e 0667 
® / 67 


Tih)e~ hr)it)i/tes 

Fig 5 Density changes at 670 m/x at different SDS concentrations, and at a constant 
pH of 6 50 For the data of 0 0209 per cent SDS, the correct time values are twice those 
plotted The data are given in Table V 


Loy SDS Cove 

Fig 6 Rate of phaeophytin formation as a function of SDS concentration at three 
different density ^ alues A, 0 80, B, 0 76, C, 0 72 The data are given in Table VI 
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bon were obtained from the data shown in Fig 5 by the same procedure 
used for the pH data The data obtained are given in Table VI In Fig 6 
these data are plotted as log rate versus log SDS concentration The lines 

TABLE v 

Ckan[* in Density at 670 mp at Different Concentration! of Sodium Dodeoyl Sulfate 
Data o l Fig 5 pH vu constant at 6,50 In 0 1 u sodium phosphate buffer SDS concern tra 
tlons art given in per cent. 


rSDSJ - O-OTO-J 

tSDSl 

- o nsa 

tSDSl 

-OJ67 

tSDS] 

- 0JU 

tSDSl 
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tSDSl 

- 1j57 


Density 



Tin* 
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Density 

Time 

Dsaulty 
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. B 
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min. 
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•vsjH 

0 SH18 
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2 1 


2 3 

0 8642 

2 0 

0 8529 

2 2 

0 8860 

imin 

0 9413 



7 9 

0 8224 

ED 

0 8222 

7 5 

0 7936 

7 5 

0 8056 


EEE3 

12 0 


ED 

0 7844 

13 5 

0 7802 

13 3 

0 7488 

12 7 

0 7624 

34 7 

0 9127 

18 3 

J2 

27 7 

MtfM 


0 7460 

20 0 

0 7157 

18 5 

0 7344 

83 7 

0 8679 

24 3 


41 1 

0 7292 


0 6889 

26 0 

0 7068 

24 3 

0 7184 

103 

0 8534 

35 8 

0 7868 

64 3 

0 7056 


0 6900 

41 3 

0 6911 

29 7 

0 7108 

138 

0 8130 

41 8 

0 7772 

83 7 

0 6936 

119 

0 6917 

56 8 

0 6900 

34 3 

0 7044 

174 

0 7834 

65 3 

0 7480 





91 0 

0 6905 

50 I 

0 6964 


0 7638 

91 8 

0 7264 







60 0 

0 6936 

243 

0 7363 

110 

0 7164 







88 0 

0 6912 



135 

0 7064 
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TABLE VI 

Influence of Sodium Dodeoyl Sulfate Concentration on Rate of Pkaeojfkytin Formation 
Data of Fig 6 These values were obtained by interpolation from the data of Table V 
The value in brackets Is an extrapolated one. 


Sodlamdo. 
tkcyl sulfite 

hoe SDS 

Density 

- 0.7700 

Dtmlty 

- 0.7600 

Density 

-ojwoo 

tloo 

tlou 

Ttr*c 

— lo* tin* 

Time 

—la* timi 

Tin* 

— lo* thus 

fer ml 

0 0209 

-1 780 

Ws. 

1268 J 

1-2 428] 

win. 

208 

-2 318 

mt*. 

156 

-2 193 

0 0833 

-1 079 



54 5 

-1 736 

28 

-1 447 

0 167 

-0 777 

49 


25 

-1 398 

12 


0 333 


35 

-1 5M 

18 

-1 255 

10 


0 667 

-0 176 

19 5 


11 9 


7 2 


1 67 


25 

-1 380 

13 1 

-1 117 

8 0 



drawn have a slope of unity, and show that the rate is directly proportional 
to the SDS concentration within the precision of the data The levelling 
of the data at the higher SDS values indicates that under the conditions of 
these experiments 0 4 per cent SDS produces the maximum rate 
4 Effect of Temperature — The effect of temperature was observed only 
in a qualitative way Aliquot portions of the same reaction mixture were 
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taken, exposed to different temperatures, and the color changes of the 
solutions observed visually Temperature has an extremely large effect 
on the rate of the reaction For the region between 20 and 30°C , the Qw 
may be as high as 4 or 5 The high temperature coefficient may be only the 
usual high Qi 0 for protein denaturataon since pnor denaturation by boiling 
increases the rate of SDS action as described in Part H of this paper 

IV 

DISCUSSION 

The experiments of ultrafiltration, dialysis, and fractional precipitation 
show that the prosthetic group remains attached to the protein regardless 
of the presence or absence of magnesium in the molecule This has been 
confirmed by an ultracentnfugal study of the solutions which showed in 
addition that the protem is spht into particles of low molecular weight 
(Smith, 1940 b, Smith and Pickels, 1941) The action of SDS on the 
chlorophyll-protein compound differs from its action on the virus of tobacco 
mosaic disease, in the latter case, Sreemvasaya and Pine showed not only 
a splitting of the protem, but also a separation of the prosthetic group (nu- 
cleic acid) from the protem 

The effect of SDS on cytochrome c (Keilrn and Hartree) shows some 
similarity to the present experiments Here also the prosthetic group 
remams attached to the protem, and it is the linkage of the metal, iron, 
which is apparently modified However, with cytochrome c the effect was 
found to be reversible on removal of the SDS, while with the cblorophyll- 
protem compound, no reversal could be obtained 
The effect of pH shows that the lability of the magnesium atom is in- 
creased by the splitting and denaturing action of the SDS, and that it may 
not be the SDS itself which causes the removal of the metal This is 
similar to the effect found by Inman and Crowell (1939) who observed 
that when trypsin is allowed to act on a leaf extract, the formation of 
phaeophytm by acid is enhanced Nevertheless, when the chlorophyll- 
protein compound is spht by digitorun or bile salts, no phaeophytm forma- 
tion takes place even at pH 4 5 It appears that the SDS attacks different 
linkages m the molecule than those affected by digitonm or bile salts 

Smce phaeophytm remams attached to the protem, it seems as though 
magnesium can play little part m binding the prosthetic group to the smaller 
protem units On the other hand, the change in the spectrum produced 
by SDS at pH 9 0 indicates some modification, unless this effect can be 
ascribed wholly or m part to the solvent action of the SDS The chlorophyll 
groups are probably onented to the hydrophobic part of the SDS molecule 
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dissolving the chlorophyll in -what may be considered an organic solvent 
This may ex plain the shift of the red band from 678 m/i to 670 mp, and also 
the modification of the absorption spectrum m the blue -where the caro 
tenoids as well as the chlorophyll would tend to disperse in the paraffin 
groups of the SDS 

It is too early to speculate much concerning the exact linkage of the 
chlorophyll to the protein Linkages appear to be possible through the 
formyl group of chlorophyll b, the vinyl group, the labile hydrogen atoms 
of Stoll, and the magnesium From the SDS action, it seems likely that 
the magnesium plays no r61e in binding chlorophyll to the smaller protein 
fragments, although it may be concerned in binding the intact molecule 
This is indicated by the extreme lability of the magnesium in the presence 
of SDS and its stability in the presence of other detergents which also split 
the protein 


SU1QIAB.Y 

1 Sodium dodecyl sulfate (SDS) attacks the chlorophyll protein com 
pound modifying its protein properties and absorption spectrum 

2 In the presence of SDS, chlorophyll is quantitatively converted to 
phaeophytin , * e , magnesium is removed from the molecule This reaction, 
measured spectrophotometncally, proceeds at a rate directly proportional 
to the hydrogen Ion concentration At constant pH, the rate is propor- 
tional to the SDS concentration until a maximum rate is achieved 

3 The chlorophyll or phaeophytin (depending on the pH) remains 
attached to the protein, since the prosthetic group cannot be separated by 
ultrafiltration, dialysis, or fractional precipitation 

4 This suggests that the magnesium plays no part in binding chlorophyll 
to the spht protein fragments, but may be concerned in binding the larger 
units, since the metal becomes extremely labile when the protein is spht. 
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STUDIES ON CELL METABOLISM AND CELL DIVISION 

V Cytochrome Oxidase Ac tivity in the Eggs or Asbacia ftjnctolata 
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In previous papers of this senes (1-4) and allied publications, a study 
has been made of the effects of vanous agents on the respiration and cell 
division of the fertilized eggs of the sea urchin Arbacta punctulala These 
experiments -were part of a program directed toward gaming some insight 
into the respective rOles of individual enzyme systems in the utilization of 
oxidative energy for developmental processes m the sea urchin egg and 
other cells For such investigations fertilized sea urchin eggs are especially 
suitable, owing to the fact that they depend almost exclusively on oxygen 
uptake for consumption of foodstuff, having little or no aerobic glycolysis 
or other metabolic activity of the anaerobic type under the conditions of 
experiment employed, even in the presence of cyanide and other respiratory 
inhibitors. 

It was shown (3) that inhibition of division of fertilized Arbacia eggs took, 
place at a level of respiratory inhibition which varied according to the type 
of inhibitor used The significance of these experiments could not be as 
sessed in terms of the individual oxidative enzymes of the eggs because, 
though effects of respiratory inhibitors on certain enzyme systems in other 
plant and animal cells have been worked out in detail in a few instances, no 
single known oxidative enzyme has been positively identified as being 
present m fertilized Arbacia eggs For example, although it has been 
assumed, from the fact that the respiration of fertilized Arbacia eggs is 
partially poisoned by cyanide or carbon monoxide and stimulated by p- 
phenylenediamrae, that such eggs contain a cytochrome oxidase-cytochrome 
system comparable to that m many other cells, no cytochrome bands have 
been observed in the eggs (4-6), and the presence of an enzyme system 
capable of oxidizing reduced cytochrome has not heretofore been demon 
strated with certainty, though Ball and Meyerhof (5) recorded indications 
of the presence of such an enzyme in unfertilized Arbacia eggs 

The present paper is one of a senes designed to correct this deficiency m 
597 
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knowledge of respiratory enzymes m Arbacta eggs It reports experiments 
to show that the eggs contain an enzyme which can oxidize reduced cyto- 
chrome c Tbs enzyme occurs m nearly equal amounts m unfertilized and 
fertilized Arbacta eggs, bemg present m both m a concentration sufficient 
to account for the respiration of the fertilized eggs even under the maximum 
degree of respiratory stimulation yet observed (1) The enzyme is in- 
hibited — though m some instances to a degree differing greatly from that 
of the egg respiration — by cyanide, carbon monoxide, azide, and hydrogen 
sulfide, but not by such copper mbbitors as sodium diethylditbocarbamate 
or 8-hydroxyquinohne 

In extension of previous experiments (4, 5, 7), a further effort to demon- 
strate the presence of cytochrome c and succinic dehydrogenase has shown 
that these oxidative catalysts, if present at all, occur m fertilized Arbacta 
eggs m concentrations disproportionately small m relation to the cytochrome 
oxidase activity, and too small to be of any apparent significance for the 
respiration of the egg 

From these experiments, certam tentative suggestions can be made re- 
garding the probable nature of the oxidative systems operative m the 
fertilized Arbacta eggs 


EXPERIMENTAL METHODS 

The cytochrome oxidase was prepared and used essentially according to Stotz (8) 
with the substitution of glycylglycine for part of the phosphate buffer in the test system 
and the use of a pH of 6 8 =b 0 1 to make the pH of the extraction and test system con- 
form to what is believed from experiment to be the pH of the aqueous phase of the 
egg cytoplasm 

The details of the oxidase preparation were as follows Ripe, mature eggs were 
obtained at Woods Hole during July and August, 1940 and, where necessary, fertilized ac- 
cording to methods reported in previous papers of this series The volume of the eggs 
was, in every case, determined on the unfertilized eggs by the hematocrit method (9) 
(2700 times gravity for 5 minutes) Each cubic centimeter of eggs corresponded to 
approximately 5 X 10° eggs The cytochrome oxidase values per cubic centimeter of 
eggs were converted to a wet weight and a dry weight basis using an egg density of 
1 08 (10) and an egg solid content of 18 per cent (11) To carry out the preparation, the 
eggs, cither unfertilized or at 30 minutes after fertilization at 20°C , were packed tightly 
by centrifuging at 2000 limes gravity for 10 minutes The eggs were then cytolyzed 
vith 0 067 ar Na»HPCh, using 5 cc of phosphate solution for each gram of eggs, the 
resulting suspension was ground in a mortar with acid-washed sea sand at 5°C for 20-25 
minutes, using 0 4 gm sand for each gram of eggs The brei was then decanted from 
the sand, placed in cellophane tubing, and dial} zed overnight (22 hours) at 8°C against 
0 1 ii phosphate buffer (pH 6 9) to reduce the concentration of any unidentified oxidizable 
substrates which might give large blank values in the manometnc experiments The 
resulting brei, after dilution with 0 1 ar phosphate to a volume of 6 7 cc per gm of eggs, 
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was used as the enzyme preparation in the cytochrome oxidase experiments. It is 
of parenthetical interest that the liquid outside the dialysis tubes was pale yellow, and 
not red, at the end of the dialysis penod indicating that the echinochrome, though freely 
soluble m water was tightly bound by the residual proteins of the brei 

Cytochrome c was prepared in this laboratory from beef hearts according to the 
method of Kellin and Hartree (12), In' Mr T V Parke. After reduction with sodium 
hvdrosulfite (NaiSjOd the cytochrome c was standardized spectrophotometncaDy 
(pH 6 0) at 550 van as described by Kdhn and Hartree (12) It was preserved m 
solution (4.5 X 1CH M, pH 5 0) in the ice box at 5°C with a trace of toluene included 
to prevent bacterial contamination and destruction. 

The manometnc determinations of cytochrome oxidase activity were made with 
conical Warburg flasks and manometers In all experiments except those on effects of 
varying cytochrome c concentration, the mam compartment of each flush received 
0 5 cc. of 0-33 it glycylglyane buffer of pH 6 9 (final concentration 0 05 u), 0.5 cc. of the 
oxidase preparation 1 0 cc. of 4.5 X 10 -4 M cytochrome c (final concentration 1.36 X 
10~* xl) and 1.0 cc. of water or a solution of the desired oxidase inhibitor in a concen 
tration to give the final concentrations shown m the experimental section of the paper 
The side arm contained 0.3 cc. of 0.22 M hydroquinone metal free cysteine, £-phenylene~ 
diamine, or sodium succinate according to the substrate desired, each substrate solution 
was brought to pH 6 9 before placing in the flasks The flask center cups were left empty 
For experiments concerned with effect of variation m cytochrome c concentration the 
volumes were 0,5 cc. oxidase 0.5 cc glycylglydne 0 to 4 0 cc- cytochrome c solution 
(with water to make the total initial volume in the mam compartment 5 0 cc.) and 0 5 cc 
hydroquinone solution In the side arm. The flasks were equilibrated in the bath at 
20° C. unless otherwise specified, the substrate tipped in and a preliminary penod of 
15 minutes allowed for minor pressure fluctuations to disappear Readings of oxygen 
uptake were then made for the next 2 hour* all calculations here given are based on this 
2 hour penod, during which the total oxygen consumption wax of the order of 50 to 
200 c. mm. in the control flasks. The oxygen consumption followed a linear course 
under the conditions here defined but use of higher final concentrations of the oxidase 
with hydroquinone as substrate led to the development of a cumulative inhibition of the 
enzyme by some unidentified oxidative product, possibly quinone. 

The gas mixtures were prepared over water, passed through the flasks while the latter 
were shaken in the bath and analyzed mxnometncally for oxygen by the method of 
Warburg and Kubowitx (13) 

In extension of previous experiments with low oxygen tension cyanide, and carbon 
monoxide on tbe respiration of the eggs, analogous experiments to determine the effect 
of azide on egg respiration were made by the Warburg direct method as previously 
described (3) the effect of hydrogen sulfide on egg respiration was determined by the 
method of Dixon and Kdlm (14) In each case eggs were obtained and fertilized in 
the usual way concentrated bv allowing to settle then diluted to give a final egg con 
cen tration of 2 per cent by x olume in the course of this dilution a tolutKm of 0 55 u 
glycylglydne in sea water at pH 8 0 (final concentration 0 05 u) was rnduded to the 
extent of 10 per cent of the total volume. Each flask contained 0.5 cc. of a solution of 
the inhibitor solution. At 30 minutes after fertilization 5 0 cc. of the egg suspension 
was added to the flasks, the temperature being maintained at 20°C throughout. 

In the course of this work on the egg* it was found, in running controls to ascertain 
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the division of the eggs at various hydrogen sulfide concentrations, that respiration 
experiments on the effect of hydrogen sulfide at pH 8 could be run without aliali in the 
center cup, the respiratory carbon dioxide being readily absorbed by the glycylglycinc 
buffered sea water serving as medium for the eggs Since the vapor pressure of carbon 
dioxide over sea water has m fact been found (15) to be negligible at pH values above 7 8, 
the method might be applied more generally for measurement of respiration under 
conditions where rather alkaline media can be used 

EXPERIMENTAL RESULTS 

Under the conditions here employed the oxygen uptake by the cytochrome 
oxidase m presence of cytochrome c was linear over a 2 hour period and, with 
a given preparation, proceeded at nearly the same rate whether hydro- 
quinone (0 02 m), cysteine (0 02 m), or phenylenediamme (0 02 h) was used 
as substrate (Fig 1) The autooxidation of substrate m presence of heat- 
mactivated oxidase (100°C for 10 minutes) and cytochrome c was, as 
indicated by the representative data of Fig 1, between 5 and 10 per cent 
of that m the active preparation This autooxidation was almost insensi- 
tive to the inhibitors to be mentioned below For all subsequent discussion 
in the present paper, rates of oxygen uptake refer to the net values obtained 
by subtraction of the uptake by heat-m activated enzyme plus cytochrome c 
plus substrate from the uptake by unheated enzyme plus cytochrome c 
plus substrate In contrast to heart muscle (8) the eggs were readily freed, 
by simple washing and dialysis of the fragmented cells, of intermediate 
catalysts capable of causing a substantial oxygen uptake m absence of 
added cytochrome c (Fig 1) 

Cytochrome Oxidase Activity m Relation to Cytochrome c Concentration — As 
previously shown by Stotz (8) for beef heart muscle, the activity of cyto- 
chrome oxidase from the eggs increased with the concentration of cyto- 
chrome and approached a maximum value at a concentration of cytochrome 
c somewhat below 10 -4 M (Fig 2) The cytochrome c concentration re- 
quired for half activation of the oxidase was approximately 4 X 10~* M 
This value for unfertilized and fertilized Arbacia eggs at 20°C may be 
compared with the value of approximately 6 X 10 -6 M for half activation 
of cytochrome oxidase from beef heart muscle as determined by Stotz, 
Altschul, and Hogness (16) at 38°C 

Concentration of Cytochrome Oxidase in Unfertilized and Fertilized Arbacia 
Eggs — When tested m the presence of excess cytochrome c the concentra- 
tion of erto chrome oxidase was found to be nearly the same in unfertilized 
and in fertilized Arbacia eggs (Table I) Each unit of activity is defined, 
following Stotz, as 10 c mm oxygen uptake per hour at 20° C Efforts to 
determine the activity of Arbacia egg cytochrome oxidase at 38°C were 
invalidated by the fact that the oxidase, with hydroqmnone as a substrate, 
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Fio 1 Oxygen consumption at pH 6.8 b> A cytochrome oxidase plus 1.3d X 10 - * it 
cytochrome c B, heat inactivated cytochrome oxidase plus 1.36 X 10 -i m cytochrome c, 
C cytochrome cmdase with no added cytochrome. The reductants for cytochrome c 
were I 0 02 ix hydroquinone XL, 0 02 m />-phenylenediamme HI 0 02 ir cysteine. In 
this experiment all A and C samples were aliquots from the same on dose preparation, 
the rates of oxidation with the various reductants may therefore be direct!} compared. 
Temperature, 20° C. 



Fio. 2 Oxygen consumption at pH <5.8 by cytochrome oxidase from (T) unfertilized 
Arbacia eggs and (II) fertilized Arbacxa eggs as a function of cytochrome c concentration 
with 0 02 u hydroquinone as reducUnt for cytochrome c. Temperature 20°C 

was rapidly inactivated at this temperature, while the rate of autooxidation 
was relatively high However, using the measurements at 20°C with 
allowance for the temperature factor, the amount of cytochrome 
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activity present m the eggs compared favorably with that m various rat 
tissues, as determined by Stotz 

The Q 0t values of Table I (cubic millimeters of oxygen taken up by cyto- 
chrome oxidase in 3 2 X 10~ 6 M cytochrome c and 0 02 m hydroqumone per 
hour per mg original eggs, dry weight) may be compared with the following 
approximate Q & values for the living whole eggs unfertilized, 0 4-0 5, 
fertilized, 2, fertilized optimally stimulated by 4 , 6-dmitrocresol and other 
substituted phenols (1, 4) which act through the cyanide-sensitive egg 
respiratory system, 7-8 

Inhibition of Arbacia Cytochrome Oxidase by Carbon Monoxide — The 
initial experiments with oxidase inhibitors were made to determine which 


TABLE I 

Analysis of Arbacia Eggs for Cytochrome Oxidase by Stole (8) Method at 20°C Cytochrome c, 

3.2 X I0~ h u, Hydroqutttone, 002 M 


Eip No 

Date 

Cytochrome oxidase units* per mg dry weight 


Unfertilized eggs 

Fertilized eggs 

134 VV 

9-19-40 

1 01 

— 

136 W 

9-20-40 

— 

0 83 

137 W 

9-21-40 

0 99 

0 85 

138 W 

9-22-40 

0 95 

0 88 


* The Qoi values corresponding to the cytochrome oxidase units may be obtained by multiply- 
ing the figures in the table by a factor of 10 


of the respiratory and division blocking agents previously (3) used for eggs 
could be considered to derive their physiological action from suppression 
of cytochrome oxidase activity It was soon apparent, however, that the 
quantitative reaction of the oxidase to inhibitors was so different from that 
of the fertilized Arbacia eggs as to merit a considerable exploration of the 
properties of the oxidase with the hope that the resulting data might help 
to define the probable enzymic relationships m the living Arbacia eggs 
The experimental results will first be presented, comparisons of the respec- 
tive reactions of the eggs and the oxidase to inhibitors, together with the- 
oretical considerations arising from the experiments with the various in- 
hibitors, will be discussed m a separate section below, to which reference 
should be made for definition of terms employed in the captions accompany- 
ing the figures and tables 

The oxidase activity was strongly inhibited by carbon monoxide in the 
dark (Fig 3) The inhibition was almost completely reversed (Fig 4) 
by a carbon arc lamp The relative inhibition by a given partial pressure 
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Flo 3 Effect of carbon monoxide In the dark on oxygen consumption at pH 6 8 by 
cytochrome oxidase plus 1-36 X 10* 4 u cytochrome c with various reduct ants for cyto- 
chrome c L4 0 02 ii hydroquinone In air IB, 0 02 u hydroqumone m 7.5 per cent 
Oj — 92 5 per cent CO K (Sec Table H) — 3.2 IL4 , 0 02 u £-pbenylcnediamine in 
air IIB, 0 02 it p phenylenedlamine in 6 8 per cent Ox — 93.2 per cent CO K — 1.8 
HL4 0 02 u cysteine in air TUB 0 02 it cysteine in 6 5 per cent O* — 93 5 per cent 
CO K - 0 6 Temperature, 20°C 



Fio 4 Effect of carbon monoxide in the dark and in the light on oxygen consumption 
at pH 6.8 by cytochrome oxidase plus 136 X 10" 4 it cytochrome c plus 0 02 u hydro- 
qumone. A control In air B in 7.5 per cent Oi — 923 per cent CO, illuminated for 
period designated, C, in 7.5 per cent Oj — 92.5 per cent CO, kept dark t 
experiment 
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of carbon monoxide was apparently not greatly altered by variation in the 
concentration of cytochrome c or the concentration of hydroquinone used 
as reductant for the cytochrome c (Table II) 

In experiments serving as controls for the carbon monoxide experiments, 
the oxidase was found to have full activity in 7 per cent oxygen-93 per 

TABLE n 


Inhibition of Arbacia Cytochrome Oxidase by Carbon Monoxide in the Dark at Two Concentrations of 
Cytochrome c and Two Concentrations of Hydroquinone Temperature, 2tfC 


Cytochrome c 
concentration 

Hydroquinone 

concentration 

PCO 

POi 

Oi consumed in 2 hrs 

r " 

CO absent 

CO present 

1 - n pCh 

■ 

moles per l X ICO 

moles per l 


c mm 

c mm 


1 36 

0 02 

12 2 

139 

29 

3 2 

0 34 

0 02 

17 0 

52 

8 

3 1 

1 36 

0 001 

14 4 

55 

13 

4 5 


TABLE m 


Inhibition of Arbacia Cytochrome Oxidase by Various Concentrations of Sodium Cyanide at Two 
Concentrations of Cytochrome c with Hydroquinone As Substrate and at One Concentration of 
Cytochrome c with p-Phenylcnediaminc as Substrate Temperature, 2(fC , pH 6 9 


Concentration 
total cyanide 

Oi consumed in 
1 hrs by oxi- 
dase vath 1.36 
X tlC 4 u cyto- 
chrome c and 

0 02 u hydro- 
quinone 

Inhibition 

Oi consumed m 
2 hrs by oxi 
dase with 0 M 
X JO -4 u cyto- 
chrome c and 

0 02 it hydro- 
quinone 

Inhibition 

Or consumed in 
2 hrs by oxi 
dase with 136 
X 10-« u cyto- 
chrome c and 

0 02n p phen 
yleneai amine 

Inhibition 

moles per 

1 X10* 

c mm 

per cent 

c mm 

per cent 

c mm 

per cent 

0 

9S 

0 

61 

0 

171 

0 

1 

57 

41 9 

39 

36 0 

73 

57 2 

4 

29 

70 4 

29 

52 5 

50 

70 7 

16 

14 

85 6 

23 

62 3 

41 

76 0 

64 

10 

89 8 

20 

67 2 

31 

81 9 

256 

o 

100 0 

0 

100 0 

4 

97 5 


cent nitrogen, it was about 5-10 per cent inhibited m 6 per cent oxygen-94 
per cent nitrogen 

Inhibition of Arbacia Cytochrome Oxidase by Sodium Cyanide — The 
oxidase activity was strongly inhibited at very low concentrations of sodium 
cy ani de (Table TTT ), the logarithm of the ratio of inhibited to uninhibited 
respiration varying approximately linearly with the logarithm of the cyanide 
concentration (Fig 5) The relative inhibition by a given concentration of 
cyanide was apparently not greatly altered by variation in the concentration 
of cvtochrome c (Table m) nor by use of /'-phenylenediamine instead of 
hv droquinone as substrate 
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InMniton of Respiration and Cdl Division of Fertilized Arbaoia Eggs and 
Also Arbacia Cytochrome Oxidase by Sodium Azide — To supplement earlier 
experiments (3) with low oxygen tension, carbon monoxide, and cyanide, 



C . to <0 30 « 

loo [uolar Concentration i*cn k id*J 

Flo S Plot of log (Inhibitor concentration] against log j to test the equation ~ - K 

[concentration inhibitor] - * for IA, sodium azide at pH 6.8 on cytochrome oxidase plus 
136 X 10~* m cytochrome c plus 0 02 n hydroquinone, IB sodium azide at pH 6 8 cm 
cytochrome oxidase plus 034 X 1G~* u cytochrome c plus 0 02 u hydroquinone. IL4, 
sodium evanide at pH 6 8 on cytochrome oxidase phis 136 X 10 -4 u cytochrome c plus 
0 02 u hydro qumone HB sodium cyanide at pH 6 8 on cytochrome oxidase plus 
034 X 10"* u cytochrome c plus 0 02 u hydroquinone. HC sodium cyanide at pH 6 8 
on cytochrome oxidase plus 136 X 10 - * M cytochrome c plus 0.02 u ^-pbenylcnediarmne. 
Temperature, 20° C. 

the effect of various concentrations of sodium azide on respiration and cell 
division of fertilized Arbacia eggs was determined and expressed (Fig 6) 
by methods identical with those previously used for the other inhibitors 
Attention is directed to two points of interest First, approximately 50 
per cent of the respiration of the fertilized eggs was insensitive to azide 
under the present conditions of experiment, secondly, 50 per v*Tv,t,on 
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of cell division occurred at an azide concentration inhibiting respiration by 
only about 10 per cent, complete and reversible inhibition of cell division 
occurred at an azide concentration inhibiting respiration by about 
50 per cent 

The cytochrome oxidase activity m the cell-free preparation was also 
inhibited by sodium azide (Table IV), the logarithm of the ratio of inhibited 
to uninhibited respiration varying linearly with the logarithm of the azide 
concentration (Fig 5) The relative inhibition by a given concentration 
of azide was not greatly altered by variation m the concentration of cyto- 
chrome c (Table IV) 


TABLE IV 


Inhibition of Arbacta Cytochrome Oxidase by Various Concentrations of Sodium Aside at Two 
Concentrations of Cytochrome c with 0 02 M Hydroqinnone as Substrate 
Temperature, 20°C , pE 6 S 


Concentration 
total ande 

Oj consumed in 2 hrs 
by oxidase with 

1 36 X 1(T* M cyto 
chrome c 

Inhibition 

Oi consumed in 2 hrs 
by oxidase with 

0.J4 X lO - * M cyto- 
chrome c 

Inhibition 

moles fer 1 X lO* j 

c mm 

per cent 

c mm 

Per cent 

0 1 

116 

0 

61 

0 

1 

110 

5 2 

56 

8 2 

4 

102 

12 0 

56 

8 2 

16 

90 

22 4 

43 

29 4 

64 

59 

49 0 

28 


256 

38 

67 1 

14 

77 0 


Inhibition of Respiration and Cell Division of Fertilized Arbacia Eggs and 
Also Arbacia Cytochrome Oxidase by Sodium Sulfide — To supplement earlier 
experiments (3) with other inhibitors the effect of various concentrations 
of sodium sulfide on respiration and cell division of fertilized Arbacia eggs 
was determined (Fig 6) Cell division was 50 per cent inhibited at a sulfide 
concentration inhibiting respiration by only about 10 per cent Complete, 
but not reversible, inhibition of cell division occurred at a sulfide concen- 
tration inhibiting respiration by about 50 per cent At the lethal con- 
centration of sulfide the respiration was inhibited by about 80 per cent 
Owing to the lethal action of the sulfide it was impossible to determuie 
from the present experiments whether any fraction of the vital respiration 
was insensitive to sulfide 

The cytochrome oxidase activity was also inhibited by sodium sulfide, 
complete suppression of activity being produced at approximately 1 X 10' 5 
M sodium sulfide at pH 6 9 (Fig 7) Experiments of this type, though 
repeatedly earned out, yielded rather unsatisfactory results because, at 
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concentrations above 1 X 10~* li, the sulfide itself was rapidly oxidized 
by the heated and still more rapidly by the unheated oxidase preparation 



/ 1 2 3 

LOG (MOLAR CONCENTRATION NaN 3 x icn 

Fio 6 Oxygen consumption and cell division of fertilized eggs of Arbacia pundulala 
in I various concentrations of sodium sulfide at pH 7 9, H, various concentrations of 
sodium azide at 7 9 The reagents were added 30 minutes after fertilization Tempera 
ture, 2Q°C. In Fig 6 

q q „ Os consumed in treated eggs 
Oi consumed in control eggs 
XX - division In treated eggs 
Cell division in control eggs 

In I the open circles represent measurements by the direct Warburg method the solid 
circles represent simultaneous measurements by the Dixon Krilin method on aliquots 
from the same egg sample. The plain circles refer to one experiment, the circles with 
bar to a second experiment on a different sample of eggs. 

It is not at present dear whether this oxidation of Bulfide is catalyzed by 
the cytochrome oxidase or by the echmochrom e-protein complexes ac- 
companying the cytochrome oxidase 
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Fig 7 Effect of various concentrations of sodium sulfide at pH 6 8 on cytochrome 
oxidase plus 1 36 X 10 -6 ir cytochrome c plus 0 02 u hydroqumone Temperature, 20°C 



Fig S Effect of \asious concentrations of each of seven agents at pH 6 8 on cyto- 
chrome oxidase plus 1.36 X lO" 5 ii cytochrome c plus 0 02 ir hydroqumone I, 2, 

4 - dmitro-o-cycloher\lphenol, H, 2, 4-dinitrothymol, HI, 5-isoamyl-5-ethyl barbituric 
aad, IV, phem lure than e, V, sodium diethyldithiocarbamate, VI, lodoacetic acid, VH, 

5- h> droxy quinoline. 
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JJ/fecJ of Miscellaneous Agents on Arbacia Cytochrome Oxidase — Id view 
of the suggestion, made by Keiltn and Hartree (17), that cytochrome oxidase 
may be a copper compound, the effects of two well known inhibitors of 
copper containing enzymes, 8-h) droxyqmnobne and sodium diethyldithio 
carbamate, were tested on the Arbacia cytochrome oxidase Neither 
produced any inhibition of activity in the highest concentrations soluble in 
the medium used (Fig 8) In fact, the diethyldithiocarbamate produced 

TABLE V 

Concentration of Sodium Cyanide, Sodium Audi and Sodium Sulfide Required to Product 50 Per 
Cent Inhibition of Respiration, Celt Dm non and Cytochrome Oxidase Activity of Fertilised 
Arbacia Ejjj Temperature 2tPC For Utihod of Calculation of Ion and Hole cule 
Concentrations Set Text and Reference 21 




Axtd« 

Solid* 

1 

meUxfer 1 
i XlF 1 

m tUsftr 

i xfa 1 

molts per 

LX fa 

1 Total extracellular concentration of Inhibitor for 50 per cent 1 

1 



Inhibition of re*piratkm at pH 7.9 

69 

8200 

350 

2, Calculated intracellular concentration of inhibitor molecule* 




at pH 6.8 corresponding to total concentration in Item 1 

66 1 

5 2 : 

39 

3 Calculated intracellular concentration of inhibitor anions at 




pH 6.8 corresponding to total concentration in item 1- 

0 3 

650 

25 

A Total extracellular concentration o( inhibitor lor 50 per cent 




inhibition of cell division at pH 7.9 

44 

3200 

130 

5 Calculated intracellular concentration of inhibitor molecules 




at pH 6 A corresponding to total concentration in item A.. 

42 

2 0 

15 

6 Calculated intracellular concentration of Inhibitor anions at 




pH 6.8 corresponding to total concentration in item 4.. 

0 2 

250 

10 

7 Total concentration of inhibitor for 50 per cent Inhibition of 




cytochrome oxidase phis 1-36 X 10“‘ m cytochrome c plus 

0 02 u hydroqulnone at pH 6.8 

1 4 

66 

850 

8 Calculated concentration of inhibitor molecule* at pH 6.8 




corresponding to total concentration m Item 7 

1 3 

0 5 

520 

9 Calculated concentration of inhibitor an tons at pH 6.8 cor 1 




responding to total concentration In item 7 

0 1 

66 

330 


a large increase in oxygen uptake in experiments with Arbacia egg cyto- 
chrome oxidase This may be provisionally attributed to oxidation of the 
diethyldithiocarbamate by the oxidase or by the echmochrome protein 
complexes accompanying the cytochrome oxidase Keihn and Hartree 
(18), m a paper appearing after the completion of the present experiments, 
showed that diethyldithiocarbamate is oxidized to tetraethyldithiocarbamjl- 
disulfide by a cytochrome oxidase preparation from beef heart muscle 
They also showed the latter compound to be a powerful inhibitor of suc cini c 
dehydrogenase Incidentally, while oxygen consumption of I 
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Arbacia eggs was affected little or not at all by sodium diethyldithiocar- 
bamate in concentrations up to 4 X 10" 3 m, the cell division was about 10 
per cent inhibited at 3 X 10~ B m and 50 per cent inhibited (partially ir- 
reversibly) at 4 X 10 -3 m 

To clarify the results previously obtained on living Arbacia eggs, a number 
of other physiologically active agents were employed with the oxidase 
(Fig 8) With the exception of sodium chloride (not shown), wluch pro- 
duced a complete inhibition of oxidase activity m a concentration of 0 6 m 
at pH 6 8, none of thQ agents produced a substantial inhibition of Arbacia. 
cytochrome oxidase activity until concentrations greatly exceeding the 
physiologically active concentrations were reached, this indicates that their 
physiological inhibition of egg respiration and cell division is attributable 
to their action on enzyme systems other than cytochrome oxidase 

Quantitative Comparison of Ejjcct of Various Agents on Egg Respiration, 
Egg Cell Division, and Cytochrome Oxidase — The concentrations of sodium 
cyanide, sodium azide, and sodium sulfide required to produce 50 per cent 
inhibition of fertilized Arbacia egg respiration, fertilized Arbacia egg cell 
division, and Arbacia cytochrome oxidase have been assembled (Table V) 
from the data of tlus and a previous paper (3) 

In comparing the effects of these agents on the eggs and on the oxidase, 
it should be noted that cyanide and azide apparently penetrate fertilized 
Arbacia eggs only as undissociated molecules (19) and that the form of 
each of these agents wluch enters into complexes with metalloporphynns 
may well be the anion (20) On the basis of theoretical considerations de- 
tailed elsewhere (21) the probable concentrations of anions (CN~, Nj, 
and HS~) and of undissociated molecules ( HCN , HN S , and H 2 S) in the 
aqueous phase of the egg cytoplasm have been calculated (Table V), using 
pK' values (22) of 9 2, 4 7, and 7 0 for hydrogen cyanide, hydrogen azide, 
and hydrogen sulfide (first hydrogen) 

It has recently been shown by Fisher and Ohncll (23) that the effects of 
cyanide on a number of physiological processes conform to the equation 


U 

I 


JTfCW] - ", where U is the fraction of function uninhibited, / is the frac- 


tion of function inhibited, [CA 7 ] is the molar total cyanide concentration 
in the medium, and K and a are constants As an empirical approach, 
while postponing discussion of the probable significance of such numerical 
xxilues until the mechanism of the inhibitor action is better understood, 

log [inhibitor concentration] has been plotted against log j for cyanide 

and azide inhibition of cytochrome oxidase (Fig 5) In these plots the 
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experimental points, though not accumulated specifically to test this pos- 
sibility, are found to conform approximately to a straight line, as demanded 
by the above equation 

Attempts to Isolate Cytochrome cjrom Fertilized Arbacta Eggs — Previous 
qualitative spectroscopic examination of brei from fertilized Arbacta eggs 
after reduction with sodium hydrosulfite failed (3) to reveal the presence 
of cytochrome c. These experiments have now been extended by repeated 
attempts to isolate cytochrome c by the method of Stotz (8) The resultant 
products displayed no specific light absorption at SSO nqi and were devoid 
of cytochrome c activity when examined manometncally by the Stotz 
method, control experiments in which known amounts of cytochrome c 
were earned through the testing process showed that cytochrome c, if pres- 
ent, could have been detected in concentrations down to approximately 
2 micrograms per gram of wet fertilized Arbacta eggs. On the basis of these 
data and those of Fig 2, it seems safe to conclude that cytochrome c cannot 
carry a significant fraction of the oxygen consumption of fertilized 
Arbacta eggs. 

Also m extension of previous experiments (S, 7) by the Thunbcrg method, 
it has been found manometncally that the cytochrome oxidase preparation 
has no succinic dehydrogenase activity, succinate, in a final concentration 
of 0 02 it at pH 6 8 and 20°C , caused no extra oxygen uptake when added to 
Arbacta cytochrome oxidase saturated with added cytochrome c 

DISCUSSION 

The present experiments were undertaken with a view to establishing a 
basis from which the effects of carbon monoxide, cyanide, azide, and sulfide 
on fertilized Arbacta eggs could be used to clarify the mechanism by which 
energy from oxidative processes is utilized for the support of cell division 
m such eggs A number of facts relevant to this objective have been 
established 

1 The eggs of Arbacta pundulaia con tain an enzyme capable of oxidizing 
reduced cytochrome c. 

2 The amount of the enzyme, as measured by means of its activity 
toward cytochrome c as a representative substrate, is more than sufficient 
to account for the highest rate of oxygen utilization yet observed in the 
intact, Irving fertilized eggs 

3 In its rapid reaction with molecular oxygen, its light reversible inhibi 
tion by carbon monoxide, and its inhibition by cyanide, azide, and sulfide — 
but not by agents forming complexes with copper — the enzyme displays 
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properties winch are those of an electromotively active iron-porphyrm 
compound 

4 The enzyme, when acting with cytochrome c as substrate, is com- 
pletely inhibited by cyamde or azide, just as is the cell division of the living 
fertilized Arbacia eggs In contrast, the respiration of the fertilized egg 
can be inhibited to a maximum of only about 70-80 per cent by cyamde 
and only about 50 per cent by azide 

5 In the equation K = ~ where n is fraction of respiration not 

1 -n poj 

inhibited, and pc o and po 2 are the carbon monoxide and oxygen partial 
pressures, the apparent values of the inhibition constant for the action of 
carbon monoxide upon the enzyme m the dark were found to be in the range 
of 0 5 to 5, dependmg on the concentration of cytochrome c and the nature 
and concentration of the reductant for cytochrome c The corresponding 
value for the fertilized Arbacia eggs is very much larger than this, being of 
the order of 60 on the assumption that the respiration is completely sensi- 
tive to carbon monoxide 

6 Previous qualitative observations regarding the low concentration, 
or absence, of cytochrome c m the eggs are confirmed , further quantitative 
observations place the highest possible concentration of cytochrome c at 
a level too low to be of any probable significance for the respiration of 
fertilized Arbacia eggs 

When considered in conjunction with what is now known regarding the 
combination of cyanide and other nitrogenous materials with iron-porphyrm 
compounds, the present results appear to be of some potential significance, 
not only for respiration of Arbacia eggs, but m explammg the action of 
cyanide on cell respiration m general 

It was shown by Barron (24) that cyamde forms electromotively active 
hemochromogens when added to certain uon-porphynn compounds The 
oxidation-reduction potentials ( E' 0 values at pH 7 0) of such cyamde hemo- 
chromogens are, other factors being equal, much lower (100-300 mv or 
more) than those of hemochromogens containing the same iron-porphyrm 
nucleus with other simple mtrogenous bases or p rotems substituted for 
cyamde m the complex These observations have recently been extended 
by Davies (20) and the theory has been developed m detail by Clark, Taylor, 
Davies, and Vestlmg (25) Continuing his previous work (26) on the 
parallelism between oxidation-reduction potential difference between 
catalyst and substrate system on the one hand and catalytic activity on 
the other, Barron (27) also showed that various hemochromogens could act 
as oxidative catalysts if supphed with a substrate system having a potential 
at an appropriate lev el below that of the hemochromogen 
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In the light of these findings, it appears that the action of cyanide m 
inhibiting cell respiration may be interpreted on the hypothesis that the 
cyanide forms, with the iron porphyrin of the cytochrome oxidase, a complex 
having a potential lower than that of the original oxidase Whether or not 
the cyanide complex can then continue m part the function of the oxidase 
will depend, among other factors, on the potentials of the catalytic systems 
next lower m the oxidative chain For example, if tins system were ex- 
clusively cvtochrome c ( Ei at pH 7, + 257 mv (29)), the cyanide complex 
(£i from pH 5 to 8, —183 mv for the cyanide complex with blood hemm) 
could not serve as catalyst and the respiration of the cell would be com 
pletcly inhibited On the other hand, if a catalyst with a potential some- 
what below that of cytochrome c, and near or suitably below that of the 
cyanide hemochromogen were available, the cell would retain some capacity 
to consume oxygen, with cyanide hemochromogen partially substituting 
for the oxidase ' On this basis, the residual respiration displayed by certain 
cells in the presence of cyanide would remain, m certain instances at least, 
a metal-catalyzed oxidation and not, as hitherto implicitly supposed, a 
catalysis earned on by metal free systems 

With this background in mind, a number of obsers abons regarding the 
effects of cyanide and analogous inhibitors on the respirahon and cell divi- 
sion of Arbacia eggs may possibly be given a provisional qualitative 
explanation on the basis of an assumption derived, by analogy, from the 
experimental data on cyanide referred to above This assumpbon is that 
the inhibitors cyanide, azide, carbon monoxide, and possibly sulfide, change 
the state of intracellular binding of the iron porphyrin which mibally 
funeboned as part of the enzyme acting as the terminal link at the oxygen 
end of the respiratory chain, as a result of the change the potenbal of the 
lron-porphynn in its new linkage is lower than in the untreated cell 
While the data necessary for the further elaborabon of this assumpbon 
arc not at present available it may be noted that both the ability of any 
given reagent to enter into complex formabon with the iron porphyrin and 
the magnitude of the potenbal shift obtainable with any given inhibitor 

1 The hypothesis here proposed regarding the mec h a n is m of action of cyanide on cell 
respiration Is considered by the authors to be an extension to living systems, of the 
ideas developed by Barron for purely chemical systems- The possibility that cyamde 
(and other analogous) hemochromogens might act as physiological oxygen transfer 
catalysts was, so far as the authors are aware first explicitly stated by Dr E. G Ball 
and one ol the authens (hi E, krahl) during a discussion of an evening paper preaented 
at the Marine Biological Laboratory, Woods Hole on July IS, 1939 The hypothesis 
has been further dismissed by Ball (28) elsewhere. 
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depend, among other factors, on the particular structure of the porphyrin 
component 

It was observed that the vital respiration of fertilized Arbacia eggs was 
about 20 per cent insensitive to cyanide and about 50 per cent insensitive 
to azide On the basis of the above hypothesis, this would be at least m 
part attributable to the difference m potential and in catalytic activity be- 
tween the cyanide and azide iron-porphyrm complexes under the conditions 
operative m the Arbacia egg 

With each of the inhibitors dealt with m this paper it was observed that, 
at critical concentrations of the inhibitor, cell division was inhibited rela- 
tively more than respiration, finally bemg completely suppressed at inhibitor 
concentrations which allowed a substantial portion of the respiration to 
proceed On the basis of the general hypothesis advanced above, this is 
the result to be expected if the potential of the particular earner by which 
that fraction of the electron transfer cntical for cell division is keyed to the 
oxidase is relatively closer to that of the oxidase than the potentials of other 
carriers responsible for the bulk of the overall respiration If confirmed by 
independent methods of investigation this suggestion provides a partial 
answer to the principal question posed at the start of the investigation, it 
may help to define the type, and specify the potentials of, certam of the 
oxidative catalysts winch make energy available for the cell division cycle 

It was observed that the carbon monoxide inhibition constant was much 
larger for the fertilized eggs than for the cell-free cytochrome oxidase- 
cytochrome c system This is what would be expected if the substrate 
for the oxidase in the eggs had a potential substantially below that of cyto- 
chrome c, since the eggs, as shown above, appear to contain no cytochrome c, 
this possibility is open 

It lias previously been observed that the respiration of unfertilized 
Arbacia eggs is completely insensitive to carbon monoxide (30) and is 
relatively less sensitive to cyanide than that of fertilized Arbacia eggs (31) 
On the basis of the general hypothesis advanced above, this means that 
the increase of respiration on fertilization is concerned with the entrance 
of a carrier system having a potential higher than those operative before 
fertilization, establishing a better relationship between oxidase and carrier 
before poisoning but, at the same time, providing an unfavorable relation- 
ship of potential after addition of carbon monoxide or cyanide 

It is suggested that this may also be the explanation for the fact that the 
endogenous respiration of certam cells in absence of substrate is insensitive 
to carbon monoxide, the respiration of the same cells becoming carbon 
monoxide sensitne on addition of substrate 
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It has been observed that the respiration of a number of tissues (32) 
is sensitive to cyanide but not to azide This apparent parados is immedi- 
ately resolved, by the present hypothesis, on two grounds first, the relative 
abilities of cyanide and azide to combine with the Iron porphyrin group 
in question and, secondly, the respective potentials of the resulting com- 
plexes with reference to the next available earner in the respiratory chain 

It has been observed (4) that vanous substituted phenols alter the sen 
sitmty of fertilized Arbacta egg respiration to cyanide With the sub- 
stituted phenol alone, without cyanide, the rate of oxygen consumption of 
the eggs rose to an optimum as the concentration of the substituted phenol 
was progressively increased, at still higher concentrations the rate of oxygen 
consumption fell below this optimum and, at sufficiently high concentra- 
tions, below the normal Suboptimum respiratory stimulating concentre 
tions of the substituted phenol reduced a respiration relatively more 
sensitive than the normal to cyanide Greater than optimum concentre 
tions of the phenol caused the sensitivity to cyanide to fall at first toward 
the normal and then to become less sensitive to cyanide than the normal 
respiration This is the course of events to be expected if the substituted 
phenol brings mto play, at low and suboptimum concentrations, a earner 
system reacting directly with the oxidase, with high and greater than op- 
timum concentrations blocking or reversing this process and finally bnnging 
mto play considerable amounts of a earner having a potential somewhat 
lower than those operating in the egg untreated with the substituted 
phenol 

It is proposed to conduct further experiments to throw light on this, at 
present, somewhat speculative theory The theory 13 advanced only be 
cause of the large number of hitherto puzzling facts which it appears to 
correlate and because of the numerous interesting experimental suggestions 
to which it gives rise 


SUlQIAItY 

1 An enzyme capable of oxidizing reduced cytochrome c (» t a cyto- 
chrome oxidase) has been obtained from Arbacta eggs In 0 02 u hydro- 
quinone, the cytochrome oxidase was half activated at a cytochrome c 
concentration of approximatel) 4 X 10~* ir The concentration of the 
cytochrome oxidase was found to be nearly the same m unfertilized and 
fertilized eggs, the amount of the enzyme — as measured by means of its 
activity toward cytochrome c as a representative substrate — being more 
than sufficient to account for the highest rate of oxygen ' yet 
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observed m the intact, living, fertilized eggs, and of the same order as that 
m certain rat tissues 

2 The Arbacm cytochrome oxidase was strongly inhibited by carbon 
monoxide in the dark, the inhibition bemg almost completely reversed by 
light The inhibition constant was not greatly altered by vanation in the 
concentration of cytochrome c or the concentration of hydroquinone used 
as reductant for the cytochrome c, having a value of 3 to 5 under the con- 
ditions used The inhibition constant was about 2 with ^-phenylenedi- 
annne as reductant for the cytochrome c, but apparently had the sur- 
prisingly low value of about 0 5 with 0 02 m cysteme as reductant 

3 The cytochrome oxidase was completely inhibited by sufficiently high 
concentrations of sodium cyanide, sodium azide, and sodium sulfide It 
was also completely inhibited m 0 6 m sodium chloride It was not inhibited 
by two inhibitors of copper contammg enzymes, 8-hydroxyquinohne and 
sodium diethyldithiocarbamate It was also not significantly inhibited 
by 2, 4-dmitro thymol, 2,4-dinitro-o-cyclohexylphenol, phenylure thane, 5- 
isoamyl-5-ethylbarbitunc acid, or lodoacetic acid 

4 Quantitative examination of the fertilized eggs showed that cyto- 
chrome c, if present at all, occurred in a concentration of less than 2 micro- 
grams per gram of wet fertilized Arbacta eggs On the basis of these data 
and those of Fig 2, above, it seems safe to conclude that cytochrome c 
cannot carry a significant fraction of the oxygen consumption of fertilized 
Arbacia eggs 

It was also found that, in contrast to similar preparations from certain 
other ani m al tissues, the Arbacta cytochrome oxidase preparation displayed 
no succinic dehydrogenase activity when tested manometncally in the 
presence of excess cytochrome c 

5 Extending previously reported (3) experiments with other inhibitors, 
the effects of sodium azide and sodium sulfide on the respiration and cell 
division of fertilized Arbacta eggs were determined, the eggs being initially 
exposed to the reagents 30 minutes after fertilization at 20°C With either 
reagent cleavage was completely blocked by a concentration of reagent 
which reduced the respiration to approximately 50 per cent of the normal 
level 

6 On the basis of certain theoretical considerations regarding the pos- 
sible mechanism of action of cyanide and other respiratory inhibitors it is 
suggested that a fraction of the respiration apparently concerned with sup- 
plying energy for division processes in the fertilized Arbacia egg may be 
keyed into the respiratory cycle through a earner having a somewhat higher 
potential than those which carry the larger portion of the egg respiration 
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The theory is also employed in an effort to resolve a number of hitherto 
s apparently paradoxical observations regarding the effects of cyanide, azide, 

and carbon monoxide on cell respiration 
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A NEW FORM OF DIFFRACTOMETE 

Bl RICHARD T CO\ U1D ERIC POYDER 
( From The Biological Laboratory Cold Spring Harbor Lon 

(Received for publication December II, 1940) 

The results of the diffractometer method for measuru 
araeter of red cells, originally described by Young m 1813 
by Pijper in 1919 have hitherto been unsatisfactory for c 
two reasons, or for both Pijper (1919), Berganzius (1! 
(1926) used white light, and in the clinical instruments o 
and Haden the source is again either daylight or an eledi 
such circumstances the wave length corresponding to any c 
known, c g the innermost ring is red, and corresponds, nc 
mum but to a blue violet minimum (Allen and Ponder, 1 
Allen and Ponder showed that the diffraction equations ai 
chromatic light is used, the apparatus required (a monocb 
tion to the diffractometer) is too complicated for ordinar 
the investigations since 1930 have accordingly been came 
and Saslow’s method (1931) in which measurements are ra 
to the junction of two colored rings Again the wave len 
and the calculations involve a constant obtained by pre 
with monochromatic bght Add to these difficulties as reg 
the fact that in all the methods the measurements are sul 
intensities which the eye has to observe are very low), a 
predated that the diffradometer method is not all it mig 
The following method avoids these difficulties. 

If plane monochromatic light of wave length X is mad 
an opaque disk of diameter d, there are produced by dtffr, 
waves having maxima and minima in directions at angles 0 
ray such that 

/ t \ ■* & rin 9 

where z/r has the values 1 22 and 2 23 for minima of the 
orders and the values I 63 and 2 68 for maxima of the sam 
light falls on a number of such disks in the same onentatio 
distributed in a plane the intensity of the diffracted ray m 
tion wall be the sum of the intensities of the ravs diff acted 
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by all the disks separately If the diffracted light from all the disks pass 
through a lens, there will be formed circular maxima and minima in the 


L L 



Fig 1 Diagram of diffractometer 
Tor details, see text 



Fig 2 The diffractometer and Hg arc 


focal plane of the lens If r is the radius of the circle corresponding to the 
angle of diffraction 9, then 

sin 6 = — r - : — (2) 

V> +/'- 

w here f is the focal length of the lens 

The diffractometer is shown m Figs 1 and 2 The plane SS' of the dif- 
fracting bodies divides the instrument into two parts The part below 
the plane serves to provide plane monochromatic light of convenient in- 
tensity for visual and photographic obsen ation The part above the plane 
is a camera for obtaining the diffraction pattern either on ground glass or 
a photographic plate 
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Light from the mercury arc A passes through a circular window m the 
box B and a heat filter C, which is a flat-sided flask full of water, to fall on 
a mirror D and to be reflected vertically through another circular window 
in the top of the box B Above this window is a slot in which moves an 
opaque shutter and two filters, Didymium glass (Coming 512) and Wratten 
G, which can be placed over the window Above the window the hght is 
converged by the lens E set in the lower end of the opaque tube F This 
lens forms a reduced image of the arc on the diaphragm G The diaphragm 
is made of copper foil and has a hole 0 5 mm in diameter at its center 
Above the diaphragm, in the upper end of the tube F, is the lens H with its 
principal focus accurately on the pinhole in the diaphragm G The light 
emerging from H is thus plane It is almost entirely monochromatic (at 
least 99 per cent), giving only the green line of the mercury arc The blood 
film or other diffracting system is inserted m the space SS' above the lens 
H Above this is the camera Its parts are the compound lens I, the 
opaque tube J, and the top K, to which are attached rails L to hold a 
photographic plate holder or a piece of ground glass The lens I is at such 
a distance below the top of the camera that it focuses parallel rays on the 
ground glass or photographic plate The tubes F and J are blackened on 
the inside 

The calibration requires a knowledge of the focal length / of the lens I 
This is conveniently measured bv using as the diffracting system at SS' 
a transmission diffraction grating A replica grating with 7630 lines per 
inch is convenient for an apparatus of the dimensions shown The image 
of the first order is formed at the angle 6 such that 

l-Oml (3) 

where D is the grating space D and X being known, 0 may be computed 
The distance K from the central image to the maximum may be measured 
on the photographic plate The focal length may then be found by the 
relation 

Un9 - R/j (4) 

In our instrument,/ = 18 1 cm 

The materials used in the apparatus arc quite inexpensive None of the 
optical surfaces below the diaphragm G need be of any quality , since the 
pinhole at G acts as a point source regardless of the shape of the wave front 
incident on it The lenses H and I should be fairly well corrected for as- 
tigmatism, but they require no chromatic correction, since the light is 
monochromatic In the construction of the equipment only moderate 
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accuracy is required The instrument once set up is permanently in ad- 
justment 

The plates we use are Eastman Kodak astronomical plates sensitized to 
the green line (Type I-G and III-G), developed for 5 minutes in D-19 de- 
veloper at 65° F , washed 2 or 3 minutes m running water, and then fixed 
for 10 minutes These plates are very fast, so that an exposure of 5 seconds 
or less is sufficient The optics of the apparatus are so arranged that the 
first minimum and the first maximum fall nicely withm the exposed area 
of the plate (Fig 3) 



Fig 3 A typical diffraction pattern obtained for human red cells in their spherical 
form The first spectrum image of the green line of the Iig arc (the two symmetrically 
placed spots) appears superimposed on the diffraction pattern, of which the first mini- 
mum and the first maximum can be clearly seen 

The essentials of the diffraction patterns can be found with a very simple 
form of analyzer (Fig 4) A Lange thermopile (supplied by Pfaltz and 
Bauer, New York City) replaces the ocular of a microscope with a moving 
stage in which the plate is held The thermopile is connected to a gal- 
\ r anometer (enclosed lamp and scale type, sensitivity about 0 015 micro- 
amp /mm ), with a decade box used as a shunt The microscope is 
illuminated by a ribbon-filament lamp, and the objective is a high dry (about 
40 X) scanning areas of about 30 /j. m diameter 

Since there is considerable halation round the image of the pinhole, it is 
difficult to find the center from which r is to be measured We accordingly 
make the red cell preparations (red cells in lecithinated plasma, i e , in the 
spherical form) on the back of the diffraction grating , covering the preparation 
with a large owerglass In this way the two spots which represent the 
first order spectrum of the green line appear symmetrically placed about the 
central spot, and superimposed on the diffraction pattern of the cells The 




* "C - *- k* * 



Fig 4 The simplified microphotometer assembled 
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the galvanometer scale) A point on the galvanometer scale, a few milli- 
meters less than this, is selected arbitrarily (eg 17 mm) and bj moving 
the horizontal transit first to the outside and then to the inside of the first 
minimum two readings on the transit arc obtained at which the gah anom 
eter comes to rest at the selected point The distance between the two 
transit readings divided by 2 and added to the lower heading gives the * 
position of the darkest part of the first minimum by i I , From 
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this must be subtracted the reading on the transit for the central spot, and 
this gives r Since we know /, X, and z/tt, d can be calculated from (1) 
and (2) 

The severest test to which the method can be put is to compare the red 
cell volume , calculated from the diffractometncally measured radius of the 
cells as spheres, with the “best value’’ for volume obtained by other methods 
(hematocnt, photographic, and colorimetric methods (see Ponder, 1934) 
Table I shows what the correspondence is It gives the best value and 
five values, found by diffraction, for the volumes of the red cells of man, 
the rabbit, and the sheep 

Considering that, m usmg the microphotometer as described, a change 
of 0 1 mm on the transit corresponds to a change of about ±5 per cent in 
the calculated cell volume, the averages of the five diffractometnc values 
(man, 84, rabbit, 55, and sheep, 31) agree qmte well with the best values 
The apparatus ma}'-, of course, be used to give the diffraction patterns of 
circular objects other than red cells, or, if a slit is substituted for the pin- 
hole G, for obtaining the diffraction patterns of hair, silk, wires, etc 

SUMMARY 

A simple diffractometer is described, m which monochromatic light is 
focused on a pinhole, rendered parallel, and passed through a film of red 
cells or other objects the size of which is sought The diffraction patterns 
are photographed on special plates, and the positions of the first minimum 
and of the first maximum are subsequently found by the use of a simplified 
microphotometer The method gi\es substantially the same results for 
red cell radius and (calculated) volume as do other standard methods 

REFERENCES 

Pijper, A , South African Med Rcc , 1919, 27, 8 
Bergarmus, F L, Arch ges Physio ! , 1921, 192, 118 
Millar, \\ G , Proc Royal Soc London , Senes B, 1926, 99, 264 
Allen, A , and Ponder, E , J Physiol , 1928, 66, 37 
Ponder, E , and Saslow, G , J Plnsiol , 1931, 73, 267 

Ponder, E , The mammalian red cell and the properties of hemolvtic systems, Berlin, 
Gebruder Bomtrager, 1934 






THE SIMPLEX FLICKER THRESHOLD CONTOUR FOR THE 
ZEBRA. FINCH 


By W J CROZIER urn ERNST WOLF 
(From Iht Bialagicai Laboratories, Harvard Unrterstty, Cambridge) 

(Received for publication, November JO, 1940) 

1 

The quantitation of the visual performance of birds presents a number of 
theoretically attractive possibilities, it has also presented certain technical 
difficulties, which undoubtedly have been responsible m part for the fact 
that little information on this subject has been recorded Diurnal birds 
are said to have in the retina a receptor population largely or exclusively of 
cones ( cf Menner, 1929), just as such typically nocturnal birds as the owls 
exhibit a considerable or exclusive preponderance of retinal rods (Rochon- 
Du Vlgneaud, 1919, cf Verner, 1939) In our examination of responses to 
visual flicker we have been anxiouB to deal with the behavior of certain 
possibly typical birdB The reasons for this have not been entirely, or 
even decisively, determined by the requirements of the doctrine of visual 
duplexity in vertebrates generally We have already pointed out m other 
connections (Crosier and Wolf, 1938, 1939) that when a duplex curve of 
visual performance is found to be associated with the presence of a retinal 
population containing both rods and cones one is constrained to describe 
the two branches of the duplex performance contour by means of the 
parameters of their descriptive functions, rather than to associate them with 
intrinsic properties of “rods" and of “cones" a3 causative categories, this 
position is confirmed by the examination of the visual performance of 
vertebrates possessing only one general histological class of photoreceptor 
cells (Croner, Wolf, and Zerrahn Wolf, 1938, 1938-39 c, Croner and Wolf, 
1938-39, 1940-41) 

In another direction the occurrence of simplex performance contours, 
when not complicated by purely accessory structural conditions, permits 
a test of the nature of the analytical function really usable for the desorp- 
tion of such data ( cf Croner, Wolf, and Zerrahn Wolf, 1938-39 a, b, Crcraer 
and Wolf, 1938-39 b, 1940-41) In most vertebrates the occurrence of 
visual duplexity restricts the usable range of the data for any really sig 
nificant test by curve-fitting This is due to the overlapping of the two 
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populations of sensory effects customarily attributed to the activation of 
rods and of cones respectively, and to the nature of the interaction between 
these (Crozier and Wolf, 1939-40, 1940-41 b ) The discovery of additional 
cases in which a simplex visual performance curve can be demonstrated has 
thus a number of theoretically useful aspects 

Furthermore, smce the visual acuity of birds is m general notably high 
one could expect that the performance contour would in general be pitched 
at a comparatively low mtensity This should make possible certain ex- 
tensions of investigations otherwise hampered by the fact that, ordinarily, 
high intensities of illumination are difficult to manipulate precisely for the 
reasonably complete measurement of reaction contours, and if required to 
be monochromatic such intensities are difficult or even impossible to ob- 
tain for experiments of this kind 

The most generally apphcable procedure for the investigation of visual 
capacity m diverse animals is unquestionably that based upon response to 
flicker The great majonty of animals with image-forming eyes give forced 
reactions to moving patterns m the visual field, provided the rate of the 
movement and the luminous intensities of the parts of the pattern are 
suitably adjusted Most birds, with the possible exception of owls ( cj 
Bartels, 1931), exhibit eye nystagmus to moving patterns The head 
nystagmus in doves and pigeons is well known {cj Visser and Rademaker, 
1934, Mowrer, 1936) For the quantitation of tins performance the pro- 
cedure we have used with various other animals ( cj Crozier and Wolf, 
1940-41 a) requires a sufficiently small, reactive bud We have used the 
Australian zebra finch ( Taemopygia casianohs (Gould) ) The retina of 
passenne buds, for example the sparrows, is usually described as either 
exclusively of cones, or quite predominantly so constituted {cj Menner, 
1929, Slonaker, 1918) Our study of the zebra finch retina shows it to be 
devoid of rods The eye has a pecten of good size The possible sig- 
nificance of the pecten wall be considered m connection with other experi- 
ments 


n 

The zebra finches used for the observations were obtained from Dr Roy M Whelden 
of this Laboratory’, who has raised several generations of this stock Four males were 
employ ed throughout They’ proved to be a decidedly homogeneous group, reactively 
When surrounded by a revolving striped cydinder head nystagmus is easily recognizable 
The head turns in the direction of the stripe motion, often through more than 180 , 
then rapidh returns to the initial direction, so long as the rotation speed is low enough, 
or the illumination high enough, these motions are regularly repeated With sufficiently 
high cylinder speeds, or low enough illumination, no nystagmus is seen 
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Each bird was put for observation into a thin glass cylinder, mounted on a bottom 
and lower part of wide mesh wire netting, the top is a plate of celluloid, cemented to the 
glass, with many circular holes punched In it Adequate air circulation is essential. 
These cylinders fit neatly mslde the s taped cylinder of the apparatus producing flicker 
{cf Crazier and Wolf 1939-40 6), and are large enough to permit free movement of the 
bird. At an appropriate height in the glass cylinder a wood cross-bar Is fastened as 
a perch. 

Before the tests the birds are dark-adapted for at least 45 minutes Then, with a fixed 
rotation speed of the ft taped cylinder, the light intensity Is slowly m creased until the 
characteristic response to the moving stapes can be noticed. At low critical Intensities 
(and low levels of flash frequency F) the bird may turn completely around on its perch 
At higher levels they are seen to be restless*’ before arrival at the Intensities critical 
for nystagmus. There is no difficulty, however, in recognizing the onset of the typical 
repeated head motions the twisting of the neck so characteristic of many buds when 
viewing an object often appears, and finally the crouching and the opening of the beak. 
In darkness these birds are always quiet, but in contrast to frogs or horned toads (Crozler 
and Wolf, 1939-40 o 1940-41 a) they are always 'on the alert” as soon as the least light 
reaches them. The proper dark adaptation of the observer Is of course essential. 

m 

The observations are summarized in Table I. The three measurements 
made on each individual are averaged to give I h and the mean of the four 
values of h is given for each F The P E i’s are for the dispersion of I lt 
they would be larger if suitablv corrected for the small number of cases, 
but we are concerned simply with the form of the law for P E i as a function 
of J„ and with the entena of internal homogeneity in the measurements 
The curve shown m Fig 1 is not changed if the plotted values of are 
ob tamed by simply averaging the twelve readings at each F, the four birds 
used are essentially equivalent The first senes of measurements, at 
F >=* 20, gave the result bracketed m Table I and plotted as an open circlet 
in the figures, although /« was a little high, it does not really depart by a 
significant amount from the value obtained at F « 20 at the conclusion of 
the whole senes, as Fig 2 demonstrates. The observations were arranged 
to show any influence of training during the repeated tests, but no effect 
of this sort can be detected. 

The log data of Table I are plotted in Fig 1 To them has been 
adjusted a normal probability integral (cf also Fig 2) The desenption 
by this curve must be regarded as excellent, particularly in view of the 
comparatively small number of observations at each point. The flicker 
response contour for the finch may therefore be placed with those of Pscu 
demys (turtle), Sphanodactylus (gecko), Phrynosoma (lizard), and Asellus 
(isopod) as example of a simplex performance curve, each of these (cf 
Crozier, Wolf, and Zerrahn-Wolf, 1938, 1938-39 a, b Crozier and Wolf, 
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1938, 1938-39, 1940-41 a) is also well descnbed by the probability integral 
In keeping with the simplex character of the curve in Fig 1, the ratio of 
P E i !t to I m is statistically constant (Fig 3) over the whole range ( cf Crozier, 
Wolf, and Zerrahn-Wolf, 1938-39 a, Crozier and Wolf, 1939-40 a, etc ) 
The band in Fig 3 is divided arithmetically m half on the ordmate, the 
equality of distribution of the points m the two halves is a test of the homo- 

TABLE I 

Flicker response critical flash intensities for the zebra finch {Tatnwpygta costanolts (Gould)) 
at fixed flash frequencies F per second, with equality of light and dark time, log I m (millilamberts' 1 , 
gives the mean intensities from three observations on each of the same four male individuals at 
all points (The figures in parentheses are from an initial set of exploratory measurements ) 
The dispersions of the individual means are given under log P E i 7i , these are not corrected for 
the small sample size 


F 


log PR 

2 

6 7087 

1 1683 

4 

6 3677 

1 7801 

6 

6 6354 


10 

4 1268 

6 5777 

IS 

4 6408 

6 5366 

20 

(3 3477 

4 3065) 


3 1389 

6 7853 

25 

3 6246 

4 0811 


3 6694 

4 0623 

30 

3 8919 

4 1854 

35 

2 2463 

4 9473 

40 

2 7037 

3 3724 


2 6431 

3 1410 

45 

I 1086 

3 4946 

48 

I 6168 

3 8106 

50 

I 9630 

2 4428 

52 

0 4344 

2 6329 

53 

0 8868 

1 5568 

54 

1 2786 

I 1034 

55 

2 0302 

1 8498 , 


2 0370 

1 6884 


geneity of the sets of measurements (cf Crozier and Holway, 1 938, 1939-40, 
Holway and Crozier, 1937) 


The smoothly symmetrical character of the F — log I m graph in Fig 1 
indicates the absence of special effects, with t L = t D , due to movements of 
the ins, or to the presence of a pecten (cf Menner, 1938) In this respect 
the curve is similar to that for Phry nosoma (Crozier and Wolf, 1940-41 a), 
although situated at a much lower intensity level, the abscissa of inflection 
t' (3 73) being 2 90 log units less The slope is also much lower for the 
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finch curve, being only a little greater than that for Pseudcmys (Crozaer, 
Wolf, and Zerruhn Wolf, 1938-39 a) , by extrapolating the data for the 
dependence of the Pseudcmys t' on temperature, for flash cycles with i L *= t D 
(Croner, Wolf, and Zerrahn Wolf, 1938-39 o, Croner and Wolf, 1939-40 b), 
r f at 42°C would be about 3 8 This indicates a fairly close parallelism 
between the cone curves for Psettdemys and the finch, as the values of F^ x 
are also fairly dose together (52 6 and 55.25), although the slope of the finch 



Flo 1 The relation between flash frequency F and log mean critical flash intensity 
(/*). with the light tune fraction — 0.5 for the zebra fi n ch (TaanoPytia caslanoiU 
(Gould)) (cone retina) Data in Table L The simplex curve fa a normal probability 
integral. 

curve is greater In thus comparing the flicker acuity of the finch with 
that of other forms, even when correction is mode for body temperature, 
it should be remembered, however, that we are here discussing data in which 
t L «=» i D and the opaque moving bars cover the whole visual field With 
the presence of the pecten, the sensory effects produced by a single moving 
image might be of quite a different order An indication in this direction 
might well be given by tests in which tjjt 0 is varied systematically, certainly 
we have reason to know that the quantitative dependences of the two 
parameters of the curve sensitive to this variable, namely Frw* x . and r', 
are different in different animals (cf Croner and Wolf, 

1940-41 b) 
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Under the conditions of test the simplex cone curve of the finch runs to 
lower cntical intensities than does that for Pseudemys, or for man ( cj 
Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a, Crozier and Wolf, 1940-41 b) 
A casual commentator might easily venture the thought that m general the 
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log l m 

Fig 2 The graph of Fig 1 on a probability grid, see text 


form of the F — log I curve could be influenced, or even determined, by the 
“visual acuity” curve of the human observer The latter is unquestionably 
a duplex affair ( cf Hecht, 1937), consequently, having decent respect for 
the probability that serious observers are likely to be rationally sophisticated 
with reference to such a point, it is only necessary to refer to the fact that 
within the low intensity range concerned the observers find (a) specific 
types of duplexi ty in the response contours of diverse vertebrates (cf 
Crozier, Wolf, and Zerrahn-Wolf, 1937-38, Crozier and Wolf, 1938-39, 
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1939-40 a, ft, d, etc ), but also (ft) perfectly symmetrical lower ends to the 
visual response contour, in Pseudemys, in the gecto, in Asdlus (Croner, 
Wolf, and Zerrahn Wolf, 1938-39 ft), and in the present data on the finch 
The simplex or the duplex character of the various measured curves there 
fore cannot possibly be regarded as due to the visual limitations of the 
human observer 

The existence of simplex performance contours for certain vertebrates 
permits an empirical test of the proposition (Hecht, 1938) that their F — log 



Fig. 3 The observed varahon of critical flash intensity (Table I) 1* randomly 
distributed in direct proportion to I*. 

I curves can be described on the basis of photostahonaiy state equations. 
We have already pointed out that, so far as concerns this situation in gen 
eral, the properties of the flicker response contour are in unmistakably 
fundamental opposition to the idea that its shape permits deductions as to 
the physicochemical basis of the primary process of receptor excitation by 
light (cf Crazier, Wolf, and Zerrahn Woif, 1938-39 ft, Crazier and Wolf, 
1939, 1939-40 a, 1940-41 ft) It is of some formal consequence to show, 
however, that when the uncomplicated rod or cone curve for a vertebrate 
can be obtained with a known precision over an adequate range, it simply 
does not follow the course required by the existing photochemical theory 
of the properties of such data In discussing this question we 
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sisted on the significance of two quite different kinds of tests, namely (1) 
those connected with the use of objective tests of curve fitting (with, from 
the classical standpoint, their inevitable limitations arising from the use 
of homogeneous data), these cannot be used at all, of course, unless the 
standard deviations of the measurements are known, and (2) those tests, 
theoretically much more significant, which involve experimentally deter- 
mined properties of parameters in proposed descriptions 
With respect to tests of the second kind it must be said that the definite 
results of experiments involving the alteration of temperature, light-time 
fraction in the flash cycle, and other variables, are fundamentally opposed to 
the photochemical hypothesis ( cf Crozier, Wolf, and Zerrahn-Wolf , 1938-39 a, 
etc , Crozier and Wolf, 1939, 1939-40 a, c, 1940-41 b) Nevertheless 
it is important to demonstrate that, just as for other simplex response 
contours obtained (Crozier, Wolf, and Zerrahn-Wolf, 1938-39 a), the curve 
for the zebra finch, while bemg entirely consistent with description by a 
probability integral (Figs 1 and 2) simply fails to be fitted by the stationary 
state equation The demonstration involves two major considerations 
(1) m vertebrates to which the photochemical stationary state formulation 
has been applied only the upper portion of the cone curve is directly exposed 
for analysis, the portion of this segment which is uncomplicated by the 
participation of rod effects may be really very small (cf Crozier and Wolf, 
1939-40 d, etc ), and (2), the shape of the low mtensity rod segment of the 
typically duplex curve is commonly, in man for example, the result of a 
complex interaction with cone effects, as suitable elementary experiments 
amply demonstrate (e g , Crozier and Wolf, 1940-41 b, etc ) Consequently, 
from the standpoint of mere curve-fitting, a primary significance attaches 
to the precise shape of the simplex contour for flicker recognition by a 
vertebrate, when this can be ascertained Under the conditions of the 
present experiments it can be asserted that each F is effectively constant, 
we know that for any single measurement of I e it is within less than 0 1 of 
the assigned value, while the precision with which I m is determined is given 
by the fact that cr Iog lrt is shown to be effectively constant It follows that 
on a plot of log /„ vs log F systematic departures from the stationary state 
equation have a significance ery simple to test The nature of the function 
is such that the tails are the most sensitive and significant regions 
In Hecht’s (1938) scheme for such phenomena the finch data fall most 
nearly into fine with his equation 

If-i/h = zV(a - x)", 

when n = m — 2 For n = in, with any value, this equation is of course 
identical with the logistic F/F^ = 1/(1 + <T' ,os/ ) (cf Crozier, Wolf, 
and Zerrahn-Wolf, 1936-37, and Crozier and Wolf, 1939, 1939-40 a) 
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Consequently a plot of the data on a logistic gnd should at once reveal the 
degree to which this particular formulation is adequate It is apparent in 
this plotting that, as for Pscudemys and Astllus (Crozier, Wolf, and Zerrahn- 
Wolf, 1933-39 b), the deviations are systematic and insuperably great 
Therefore on this purely formal ground the photostationary state equation 
for the flicker response contour is to be rejected Above F = 0 2 F — 
the description might not be regarded as impossibly bad, by cntena of mere 
inspection , this helps to eiplain why it has been found acceptable for the 
cone curves of vertebrates showing visual duplesty, since here the lower 
end of the curve is of course masked 


v 

SUMMARY 

The flicker response contour has been determined, with equality of light 
dark time ratio, for the diurnal bird the Australian zebra finch. This bird 
has only cones in the retina. The curve of log critical intensity as a func- 
tion of flash frequency is simplex, a normal probability integral In this 
respect it is like that for other vertebrates not exhibiting visual duplenty 
The parameters of the curve most closely approach those for the turtle 
Pscudemys (extrapolated to about the same temperature), it is not 1 m 
probable that the approximation of these two curves would be less close 
for other values of the light time fraction. Some points of interpretive 
visual theory are discussed m relation to the present measurements. 
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I 

The use of the light time fraction in the flash cycle as a variable permits 
a test of the nature of the visual flicker recognition contour, and helps to 
define the properties of the analytical elements which its investigation re- 
quires. To be really meaningful, such use depends on the determination 
of F log I contours over as wide as possible a range of flash frequency and of 
flash intensity The information on this subject, for the human observer, 
has been fragmentary and superficially somewhat confused, discussions of 
the photochemical hypothesis of intensive discrimination (e g , Hecht, 1937, 
1938) have usually avoided reference to such data, although their general 
significance is as direct and fundamental as are the data on the influence of 
temperature ( cf Crosier, Wolf, and Zerrahn Wolf, 1936-37 b, c, 1938, 
1938-39, Crosier, 1939, Crosier and Wolf, 1938-39 6, c, 1939 o, 6, 
1940-41 a, c) 

Reasonably complete F log I curves with differing proportions of light- 
time (fj to dark time (f 0 ) in the flash cycle, using demonstrably homo- 
geneous measurements, should be significant m several different wayB (1) 
in establishing the non specific direction of the shift in the general position 
of the curve, (2) as a test of the efficacy of the methods proposed for the 
analysis of the human F log I contour ( cf Crosier, Wolf, and Zerrahn 
Wolf, 1936-37 o, Crosier and Wolf, 1940-41 c), and thus (3) for the meas- 
urement of the dependence of the parameters of the underlying function on 
the percentage hght time this cannot be done with data obtained at a single 
flash frequency or at one flash intensity, but requires use of the practically 
complete contour, and (4), for the study of the real nature of the lower 
branch of the human flicker curve, commonly presumed to represent quan 
tltatively the properties of retinal rods (cf Hecht, 1934, 1937) This last 
point turns out to have a number of especially interesting consequences, 
it is pursued further in the following paper (Crosier and Wolf, 1940-41 d) 

We have used the visual discnminometer already described (Crosier 
635 
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and Holway, 1938-39 a ) for the production and control of interrupted light 
(cf Crozier and Wolf, 1940-41 c) The outer of the two nght-hand beams 
(cf Crozier and Holway, 1938-39 a, Fig 1) was brought to a focus by means 
of a suitable lens beyond the mirror P, in the plane of an accurately cut 
black metal sector-disc rotated by the gear-shaft system already descnbed 
(Crozier and Wolf, 1940-41 c) The additional feature of the present ex- 
periments lay m the use of a senes of the sectored discs giving different 
proportions of hght-time to dark-time in the flash cycle The disks had 
either six or eight open sectors, and the dimensions and the optical prop- 
erties of the system were such that sharp and complete cut-off of light 
was secured, even with t L = 0 1 (i L + t D ) The senes of disks provided 
t L = 10, 25, 50, 75, and 90 per cent of the flash cycle time The design of 
the sectors and the driving gear system was chosen to give flash frequencies 
up to 80 flashes per second within the range of shaft speeds favorable to 
precise control by our magneto-milhvoltmeter system (cf Crozier and Wolf, 

1939- 40 b, 1940-41 c) The size of the square field, centrally fixated, was 
the same as that used for the preceding paper (Crozier and Wolf, 

1940- 41 c) ,W J C served as observer, and in fact the (monocular, left 
eye) data for t L — t D already used form an integral part of the series of 
measurements here considered For the present purpose only monocular 
observations were taken (left eye) 

The procedure, preliminary dark adaptation, and methods of calculation 
are reviewed in the preceding paper With flash frequency F fixed, flash 
intensity is slowly increased from a level well below the fusion intensity, 
until the observer signals recognition of flicker The intensity cntical for 
flicker is a more reliable end-pomt than that for fusion The readings at 
each F are taken in sets of 10, in rather rapid succession For each senes of 
readings observations are begun after suitable preliminary dark adaptation 
(25 to 60 minutes, depending on the F level), with lowest F used first and 
higher values m succession 


n 

Table I contains the data for the present discussion, with the exception of 
those for t L = 50 per cent, the latter are contained in Table I of the pre- 
ceding paper (Crozier and Wolf, 1940-41 c ), and are also used in Fig 1 
Fig 1 shows that as the light- time fraction is decreased the curve as a 
whole is mo\ed toward loucr flash intensities, and that the maximum level 
to which it rises increases This is m agreement with the effects already 
obtained with lower animals, and in the really comparable earher experi- 
ments with man (cf Section HI) There is only slight, but systematic, 
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change, however, in the morphology of the lower branch of the duplex curve 
It is noteworthy that certain curious minor details of the structure of the 
low (“rod”) segment of the F-log J. curve are persistently present, although 
they might well be taken at a first glance to be no more than the result of 
“experimental errors ” They have no correlation with the use of par- 
ticular filters for the control of intensity Their homologues appear also 
as shown in a subsequent paper (Crosier and Wolf, 1940-41 d) when "mono- 
chromatic” lights are used, — m certain cases in accentuated form, as shown 
in our studies of monocular and binocular excitation (Croner and Wolf, 
1940-41 c) they are not peculiar to one observer They receive a natural 
explanation in the analysis of the duplex contour given in Section IV 
It should be stated here that in securing the data of Table I, as in other 
experiments conducted m the present program, the sets of readings for any 
given contour have been taken in overlapping groups on the F coordinate, 
so that systematic shifts due to practice and (so far as possible) the effects 
of day to-day fluctuations and changes have been guarded against. The 
closeness of agreement in duplicate F measurements (Table I) taken on 
different occasions Is a guarantee of success in this respect, the only con 
siderable differences occur m the region of the flat "shoulder” of the bipartite 
curve, where they are clearly to be expected The order m which the five 
curves were obtained was =• 0 SO, 0 25, 0 75, 0 10, 0 90 
In some careful work on the form of the F— log I curve it has been found 
(Hecht and Vemjp, 1933-34, Hecht, Shlaer, and Smith, 1935, Hecht and 
Smith, 1935-36, Ross, 1938) that at its upper end the curve bends over, so 
that F — log I Is not monotonic We were at first inclined to believe that 
this represented a normal aspect of the flicker contour (Croner, Wolf, and 
Zerrahn Wolf, 1936-37 6), which might explain the nature of the declining 
“rod" curve in visually duplex animals, its susceptibility to the presence of 
a retinal “surround,” and to the size of the field, would not have interfered 
with this view, — any more than in the analogous case of intensity discrinuna 
bon (cf Croner, 1940 b ) But we have not been able to detect the existence 
of the bend even m an animal with purely rod rebna (cf Croner, Wolf, 
and Zerrahn Wolf, 1936-37 o, Crazier and Wolf, 1938-39 c, 1940-41 c), 
it 13 not present in any of the purely cone vertebrates we have tested, even 
when the curve is favorably located on the intensity scale (if Croner, 
Wolf, and Zerrahn Wolf, 1938-39, Croner and Wolf, 1939-40 b, 1940-41 b), 
and a more satisfactory explanahon for the declining rod curve in duplex 
performance contours is now avadable (cf Croner and Wolf, 1938-39 a, and 
Secbon V of the present paper) We are required to believe that the drop 
which has been described for the upper end is not a part of the essenbal 



TABLE I 

Mean critical intensities (as log J m , millilatnberts) for recognition of flicker, as a function of 
flash frequency F per second, with different proportions of light-time in the flash cycle, 10 obser- 
vations at each point, P E is for the dispersion of the 10 Monocular (left eye), W J C 
White light Field 5° square, centrally fixated 


t L , per cent 


F 

10 

25 


75 

90 


log Im 

log P.E i 

Ji 

log im 

log P Ei r 
ji 

log Irn 

log P.E 1 

h 

log / m 

log PJE i 

2 

6 3016 

6 3368 

7 8261 

7 8589 

6 6970 

1 9830 

4 3686 

4 2918 

5 7423 

6 7931 

4 6821 

5 2880 

3 

6 4061 

1 6996 

6 7306 

6 1535 

4 4624 

6 8695 

4 7760 

5 07S0 

4 

6 4761 

6 3405 

6 7880 

6 1551 

4 6107 

6 8018 

4 8340 

5 2907 

5 

6 6276 

7 8909 

6 8602 

6 3449 

4 6931 

6 9490 

4 9183 

5 3866 

6 

6 6029 

7 8508 

6 9664 

6 3680 

4 6807 

6 9947 

3 0146 

5 3780 

7 

6 7008 

6 0098 

4 0290 

6 5050 

4 7464 

5 1553 

3 0842 

5 4385 

8 

6 7473 

6 2487 

4 1109 

6 3319 

4 7931 

5 5770 

3 1468 

5 6642 

9 

6 8721 

6 0475 

4 2201 

6 6583 

4 9024 

5 2984 

3 2296 

5 6401 

10 

6 9068 

6 4283 

4 2742 

6 5700 

3 0334 

5 5520 

3 3476 

5 7938 

11 

4 0212 

6 5327 

4 3624 

6 9571 

3 0934 

5 3908 

3 4067 

4 1744 

12 

4 0931 

6 5342 

4 4462 

6 7331 

3 1729 

5 5854 

3 6386 

5 9108 

13 

4 1836 

5 1336 

4 6309 

5 1001 

3 2786 

5 7004 

3 6077 

4 0136 

14 

4 2467 

6 5752 

4 6266 

5 0648 

3 3862 

5 7331 

3 7167 

4 1770 

15 

4 3664 

6 7862 

4 7310 

5 0991 

3 4794 

5 9490 

3 7748 

4 2426 

16 

4 6111 

6 9174 

4 8873 

5 4038 

3 6360 

4 2114 

3 9462 

4 2943 

17 

4 6872 

5 1553 

3 0212 

5 2548 

3 7931 

4 1866 

2 1416 

4 5308 

18 

4 8447 

5 3556 

3 2236 

5 5487 

2 0017 

4 4277 

2 3396 

4 6807 

19 

3 0899 

5 4063 

3 4863 

3 4923 

5 8573 

5 6609 

2 2376 

4 7437 

2 6936 

2 6711 

3 0319 

3 0450 

20 

3 7679 

3 4373 

4 2963 

5 8924 

2 1139 

2 1099 

2 1380 

4 6774 

4 5385 

4 5988 

1 0748 

1 0611 

3 6284 

3 4356 

1 1 4128 

3 8168 

22 

2 2638 

^~4 8174 

2 6236 

2 6079 

3 1556 

4 9433 

I 4227 

3 8381 

1 7439 

2 1413 

25 

~~2 4944 

3 0475 

2 8691 

2 8764 

3 1617 

3 5540 

I 6439 

2 2475 

0 0120 

2 4696 

28 

2 7806 

3 0574 

1 1082 

3 7486 

I 8691 

2 2332 

0 1749 

2 4604 

30 

2 8967 

3 5180 

1 2690 

1 2694 

1 8215 

2 0408 

0 0103 

2 4511 

0 3606 

2 8742 

33 

I 1242 

3 5914 

1 4689 

3 8132 

0 2176 

2 5342 

0 6084 

2 9756 

35 

1 2801 

3 8132 

1 6160 
i 6221 

2 1374 

2 1966 

0 3936 

2 7479 

0 6929 

1 2278 

38 

1 4691 

3 9978 

1 8232 

2 3315 

0 6804 

I 0506 

0 9362 

1 4693 

40 

1 8440 

I 6443 

2 3208 

3 8819 

i 9736 

0 0124 

2 3199 

2 4S06 

0 8004 

1 1263 

1 1383 

1 4541 

43 

I 9681 

0 1464 

2 4087 

2 5864 

0 3346 

2 8403 

1 0322 

1 4153 

1 3691 

1 7661 

45 

0 1901 

2 8721 

0 6476 

0 6188 

2 8653 

I 1028 

1 2657 

1 7359 

1 6063 

0 1626 

48 

49 

0 6166 

f 0327 

0 8978 

1 0496 

J 5589 

I 4153 

1 7133 

0 4631 

2 0103 

0 5916 
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TABLE l-Ccndnded 










Fig 2 / n and PJE i Zl are in direct, rectilinear proportion, for each value of the light- 
time fraction, data m Table I For each -value of the light-time fraction the intercept 
at log P E i r = 2 00 is indicated, and is essentially the same See text 
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phenomenon, but represents either some kind of artifact or a complex effect 
of the use of flicker /tuion as an end point, — at least within the range of 
intensify here involved 

The readings of critical intensity were taken in sets of 10 at each F 
The averages of these 10 are entered in Table I, together with the PE’s 
for the dispersions At each value of Ij l B the relation between I m and PfE i 
is one of rectilinear proportionality, as proved by Fig 2 log /„ vs log P E i 
gives a band with parallel edges and a slope of 1 Using the full eye, or a 
sufficiently large retinal field, the characteristic form of this plot for various 
visually duplex animals exhibits a distinct "break” at the intensity cor- 
responding to the complete suppression of the rod effects ( cf Cromer, 
1935-36, Cromer, Wolf, and Zerrahn Wolf, 1936-37 a, Cromer and Wolf, 
1940-41 c) We cannot be certain of it as yet, but we may suspect that 
the sue of field used in the present experiments, leading to a small rod group 
of effects, is responsible for the absence of discontinuity in the plots of Fig 
2 {cf also Cromer and Wolf, 1940-41 c, d) 

The absolute sue of the proportionality constant (mean P.E ,//_) is 

0 0340 ± 0 005 (corresponding to an average precision of each mean I of ca. 

1 per cent) , this is a little less than the corresponding quantity for our de 
terminations of A/ {cf Cromer and Holway, 1939-40), but does not differ 
significantly from the value already gotten from flicker experiments with 
the same observer using an entirely different type of apparatus and method 
for the adjustment of the critical intensity (Cromer, Wolf, and Zerrahn 
Wolf, 1936-37 o) , it is not really a smaller precision than that apparent in 
our flicker experiments with lower animals, because there the method of 
calculation of l m is not the same 


m 

For such sufficiently different animals as the sunfish Enncacanthus 
(Cromer, Wolf, and Zerrahn Wolf, 1936-37 c), nymphs of the dragonflydnex 
(Cromer, Wolf, and Zerrahn Wolf, 1936-37 b, Cromer and Wolf, 1938-39 d), 
and the turtle Fseudcmyj (Cromer, Wolf, and Zerrahn Wolf, 1938-39, 
Cromer and Wolf, 1939-40 6) it has already been shown that changes of the 
light time fraction in the flash cycle lead to modifications of a consistent 
type in the F — log I contours With increase of the t L proportion the curve 
is reduced in ordinate extent and moved toward higher flash intensities. 
The fundamental shape of the curve is not changed, however The rather 
widely separated rod and cone portions of the duplex contour for the sunfish 
are enlarged in about the same way, quantitatively, when tJt D is reduced — 
although these two segments are affected in different ways when the 
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ature is changed (despite the identity of their temperature characteristics for 
the extent of shift, Crozier, 1939, Crozier and Wolf, 1938-39 b) Withiiim 
the shape of the lower part of the F - log I curve does change when t L /t D 
is modified, but this is a secondary, mechanical consequence of the convexity 
of the optic surface (c/ Crozier, Wolf, and Zerrahn-Wolf, 1937-38 c, Crozier 
and Wolf, 1939 c) 

When tjJtjj is changed the F— log I contour alters in such a way that 
F mtct decreases while the abscissa of inflection (log J lnfl = r') mcreases as 
the percentage fight-time is made greater The spread constant o-' )og h 
computed for F max = 100 per cent, does not change These are the three 
parameters of the normal probability integral which describes the de- 
pendence of flash intensity upon flash frequency Empirically, F mai and 
t' is each a rectilinear function of t L /{t L -f- t D ) 

For human flicker responses the qualitative situation is the same, for both 
foveal and extra-foveal regions (Ives, 1922, Pi6ron, 1928, Cobb, 1934, 
Bartley, 1937, Ross, 1938), provided one is really dealing with a light-dark 
cycle and not with cyclic alternations of intensities of illumination (cf 
Pffiron, 1928, 1935, Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a) For 
certain purposes it has been the practice (Pieron, 1928, Cobb, 1934, Ross, 
1938) to deal with the relations between fusion frequency and the light-time 
fraction at “constant brightness ” Objection to this procedure, which 
involves compensating for the hght-time fraction by increasing the flash 
intensity on the basis of the Reciprocity law, is that it assumes that this 
rule really apphes at the critical fusion frequency, m fact it does not When 
the data are considered simply in terms of flash intensity, without this 
“adjustment,” then analysis presents no difficulty (Crozier, Wolf, and 
Zerrahn-Wolf, 1937-38 a, b, Crozier and Wolf, 1940-41 c) 

The theory proposed for the explanation of the dependence of the F — log I m 
contour on the hght-time fraction (Crozier, Wolf, and Zerrahn-Wolf, 1937- 
38 a) considers that m a given population of potentially excitable neural 
elements, giving a frequency distribution of dF/d log I, the size of the popu- 
lation is enlarged by increase of the percentage dark-time On this view 
the ma xim um value of F should be a direct, rectilinear function of the 
percentage dark-time, and also, the abscissa of inflection of the F — log I 
curve should de clin e in the same way These phenomena are observed 
(Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a, b, Crozier and Wolf, 
1940-41 c) In relation to the probability integral form of the F— log I 
curve the reason for these findings may be visualized in terms of the pro- 
portionately greater chance of any given flash finding a particular element 
potentially excitable when the dark intervals are longer It is to be kept in 
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mind that the "elements” of this discussion are defined in terms of dF f d log I m 
along the contour for recognition of flicker They have been pictured 
as frequencies of nerve impulses (Crozier, 1939) If the basic eiatabihties 
of the neural units producing these elements of excitability form a homo- 
geneous population, the F— log I cilrve should not suffer change in /w or m 
shape when the temperature is altered, but r should exhibit as a function 
of temperature the properties of the mechanism governing excitability, 
these phenomena are also found (Crozier, 1939, Croner and Wolf, 1940-41 c, 
and earlier papers) It like wise follows from the statistical conception of 
the nature of the F — log I curve that when tjlnis cha n ged the shape con 
stant t'io, , with F^,,. => 100 should be independent of iJt D , as found 
(Crozier, Wolf, and Zerrahn Wolf, 1937-38 a, 6, Crozier and Wolf, 1939- 
40 i) 

It will be shown presently that the rule obtains for the data on man, 
with a complication in the rod segment of the curve due to the peculiar and 
significant interplay of rod and cone effects Since the type of law is thus 
the same for dragonfly nymph, sunfish, turtle, and man the foundation for its 
generality must be presumed due to a common feature of organization, 
namely the statistical character of the production of sensory effects re 
sponsible for the intensive discrimination involved in the recognition of 
flicker 

The increasing efficiency of briefer flashes (at constant cycle time) in 
forcing the reaction of flicker recognition cannot be quantitated by con 
sidenng the flash intensities (or the equivalent brilliances) at any fixed F, 
because (Crozier, Wolf, and Zerrahn Wolf, 1937-38 a, b) this function 
depends on the level of F selected It is necessary to have the full range of 
F— log I for various values of tJt D before interpretation is possible, our 
present human data run much more nearly over the explotable range of 
ljl n and of intensity than have those hitherto available It should be 
pointed out, however, that the increased effectiveness of a given intensity 
with prolongation of dark time ( cf Cords, 1908) can be pushed to a con 
siderably greater value by employing electrical excitation of the retina, 
and thus using values of the duration of excitation smaller than the tJt D = 
1/9 to which we are limited m the present experiments, fusion frequencies 
as high a3/ — 98 to 172 have been obtained (Cords, 1908, Bouman, 1935) 
A dynamical parallel is of course provided by the increase of photosynthebe 
efficiency of flashing light when the light-dark ratio is decreased {cf War 
burg, 1928, Emerson and Arnold, 1931-32, Arnold, 1935, P" I 
Trelease, 1938) 
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IV 

The analysis of the curves m Fig 1 is made in the way followed in earlier 
communications ( cf Crozier and Wolf, 1940-41 c) The high intensity 
segment of each of the curves m Fig 1 is described by a normal probability 
integral These, together with the curve for tJi D = 1, are shown in Fig 3 
Their extrapolations toward F = 0 (Fig 8) give the basis for the dissection 
of the rod contributions to the lower segments of the curves in Fig 1 
Recognizing that there is a variable uncertainty in the adjustment of 
the lines on the probability grid, and that there is apparently a real temporal 
fluctuation m the parameters of the function, it is fair to conclude that the 
slopes of the five lines m Fig 3 do not differ significantly Certainly they 



Fig 3 The upper segments of the data in Fig 1 put on a normal probability gnd, 
the five lines displaced laterally for clearness See text 

do not change systematically as a function of tJt D It can be pom ted out 
that the subsequently determined properties of the several rod curves 
(Section V) supply a significant check upon the propriety of the hnes drawn 
m Fig 3 Hence the parameter <r'i oe / is judged to be independent of the 
percentage hght-time 

Fig 2 demonstrates that from the standpoint of the relation between 
I m and P E i h the measurements of each senes are not of course homo- 
geneous m the sense that the band on the log— log plot is divisible ariih- 
vietically mto two zones with equal numbers of points (cf Holway and 
Crozier, 1937, Crozier and Holway, 1938, 1939-40), smce sets of readings 
were necessarily taken at different sittings, the population of P E ’s is not 
homogeneous, hence a division of the log width of the scatter band mto half 
gives equally populated zones The extent of the relative scatter of the 
variation index at any level of I m is a function of t L /t D , but its mean value 
1S not as 1S readily seen m Fig 2 In correlation with the increased scatter 
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of P E j; as the light time percentage decreases, we note that m Fig 3 
the log I. width of the scatter band decreases steadily as we pass from 
i L = 0 1 to 0 9 (Table II) We note aho that this is related to the fact 
that the total size of the populations of excitable elements (a de 

dines m )ust the same way, so that within the limits of precision of the 
measurements the scatter ratio for PJL Vl (arithmetic) is directly propor 
tional to Vma A better way of showing this ( F U and l L /(t L + l D ) being 



Fig 4 The ordinate breadth X of the scatter band for log I'.K it (from Fig 2) is a 
declining rectihnear function of log (per cent light time) 

TABLE n 


The valuta of the asymptotic iw. taken for the curves In Fig 3 the corresponding values 
et the abscissa of inflection (s') for different light dine percentages and, from Fig 2 the ordinate 
height of the scatter-hand for PJv, on the log scale. See teat 


■l 

iW 

t' 

Xk*PX-i 

j*f (4*1 




10 

59 8 

2 98 

0 75 

25 

58 3 

I 18 

0 63 

50 

56 0 

I 49 

0 58 

75 

55 65 

I 85 

0 48 

90 

54 2 

0 12 

0 47 


in direct proportion — Fig 7) is to take the vertical breadth X log P.E i of 
the bands in Fig 2 as a function of the fixed values of the percentage light 
time Since, as Fig 4 shows, X log PXj is rectilinearly related to log 
4- Id) 1> the ratio of the upper to the lower limit of rdative scatter 
of PEi changes at the same proportionate rate as does the percentage 
light time 

This same type of direct correlation between the latitude of scatter 
(Fig 3) and the size of the total populationof potentially excitable elements 
Is systematically exhibited in other connections, — for example, in the 
measurements of dark adaptation (Croaer, 1940 a ) , m a si gh ’ 
way it is shown by the comparison of monocular and binm 





^ootj/fV-V) 

Fig 5 F miX ^ as a function of percentage light-tune (The departures from rectili- 
neanty are not significant ) 



o 50 100 


l° 0t L/C t n + ' t D) 

Fig 6 The abscissa of inflection (r') of the high intensity F-log I m curve is directly 
proportional to the percentage hght-time 



Fig 7 The relation betveen F~„ and the absassa of the cone inflection r' ( [cf 
Figs 5 and 6), for different light-tune fractions 
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rrnfy discrimination (Croner and Holway, 1939-40) and on flicki 
oner and Wolf, 1940-41 c) It has an important connection with tl 
tnne that the capacity to vary discriminative performance is orgamcal] 
erminate (Croner, 1936, 1935-36) and governs the magnitude of tl 
insity threshold for discrimination 

\ 7 e have already indicated that the asymptotic level of F~., and tl 
assa of inflection t' are expected (Table II) to be (reversed) rectihnei 
ebons of the percentage light time, and therefore themselves m diret 
portion Figs. 5, 6, and 7 show that these expectations are satr 
torily met in the data. The dependence of F axx , and of r', on tl 
lt-bme percentage differs quantitatively in the several animal font 
mined, for F-.. vs t L the proportionality constant is greater in tl 
sent observations than with Anax or turtle, much less than with tl 
ifish, as regards F, it is less than for any of these, all tested with whii 
it (but is found to be even much lower when colored light is used — Crozu 
1 Wolf, 194(1-41 d) 


v 

fhe uncovering of the putative rod component of the duplex F — log 
ves (Fig 1) has been earned out by the methods earlier describe 
razier, Wolf, and Zerrahn Wolf, 1936-37 a, Crozier and Wolf, 1940-41 e 
eady used for vanous other vertebrates (Doner, Wolf, and Zerrahi 
ilf, 1937-38 a, Doner and Wolf, 1938-39 a, 1940-41 d, etc) The sHgl 
egulanties in the form of the curses in the rod region are individual an 
rsistent, they are also found m our work with colored lights, the raw dat 
not conform to any simple function (eg , Hecht, 1937), when a simple 
;ual population of neural effects can be examined it provides a simp] 
nnal probability integral over the whole range (Croner, Wolf, an 
rrahn Wolf, 1938-39, Croner and Wolf, 1938-39 c, 1940-41 o, b] 
: use oi monochromatic beams in a flash cycle with large light time rati 
ables us to be sure that m the lower rod of the F — log I curve the occurrenc 
subjective color must by classical criteria be presumed to imply the prei 
ce ol cone effects. For these reasons the cone probability integrals hav 
en extrapolated toward F -= 0, and the rod contributions then obtaine 
subtraction on the ordinates With some lower vertebrates the separt 
in of rod and cone branches on the log I am is so great that the discor 
tuity due to the entrance of cone effects is plainly apparent on the F — Jog 
aph (Croner, Wolf, and Zerrahn Wolf, 1937-38 a) With man, fro 
:roncr and Wolf, 1939-40 o), and newt (Croner and Wolf, 1939-40 1 
e overlapping of the two cumulative populations is more 
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analysis by this method, however, produces rod curves of the expected 
normal form Their properties have a particular importance for the 
criticism of the by now more or less traditional interpretation of the re- 
lationships between rod and cone eSects, they have also an i mm ediate sig- 
nificance for the statistical conception of the origin of the contours of visual 
performance It is to be noted that, at a given value of t L /t D (— 1), the low 
value of I at F = 2 obtained by the cone extrapolation (Fig 8) is of the 
same order of magnitude as that observed with forms such as a bird (Crozier 
and Wolf, 1940-41 b) and a turtle (Crozier, Wolf, and Zerr ahn -Wolf, 1938- 
39) which have exclusively cone retinas 



Fig 8 The probability integrals of Fig 3 are extrapolated toward F = 0, and the 
form of the rod contribution to the F-log I contour is then obtained by difference, see 
text 

The extrapolations of the cone curves and the curves obtained by differ- 
ences between these and the fines put through the lower ranges of the data 
are shown in Fig 8 The results for t L /t D = 1 as used in this discussion 
are taken from the preceding paper (Crozier and Wolf, 1940-41 c) The 
difference curves, as for all such cases, comprise an ascending and a de- 
scending branch We originally beheved (Crozier, Wolf, and Zerrahn- 
Wolf, 1936-37 c) that the declining branch was to be taken as similar in 
nature to the de clinin g upper end of the cone curve as obtained by Hecht and 
Vernjp (1933-34), Hecht and Smith (1935-36), and Ross (1938) We are 
now of the mew that this cone decline is a complex artifact ( cj Section II), 
howe\ er, and later evidence has led us to the opmion that the form of the 
declining curve obtained for the rod contributions must be understood as 
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qno pgjmod gq pjnoqs jj (g Srj) yCpArpadsg; sajnurra 0£ ptre sgjnxmn g 
^noqs jo sgs^qd Sbj sjv gjgqj BtigjoBq no pgjjg pqpj aq3 pnusssooid uoijbaij 
-obui josmoaid aqj jo sasBD aqj nj (z Sij) iajq jbuiSuo gq; jo juaa -tad \ 0 
jnoqB o; paonpaj si gSyqd gq; sgjmnra oi trrqjtM. ‘aAjno noqorujsap aSBqd 
3 qj tn pouad 2 b [ ajq-Bijsaouiap on si aiaqj ‘iConanbaij pnooas iad sapjCo 
0026 }° saoijBjqiA diiios jo uoijob aq; o; pgsodxa si uoqrqos oSnqd naq^ 
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sajdares aures aq; no apBtn osjb ajaAv s;unoa a; Bp X;iat;db oSuqd joj pa;BJ;t; naq; ajaAv 
ptrB a3eqd o;m josjnaajd {Bnpisai jo uoisjaAnoo aq; AvopB o; sa;nunn 5 joj 3 d £ ;b ;daq 
ajaM sam;xnn aqx pn/s;um XpAipB 6 0T X T 8 unnB;uoa a3nqd jo pn 0 T PPPE sbav 
pn/spaa 8 ot X S jo Xpsuap jEuapEq b o; pa;npp ajduiBS qona jo ;onbqB pa 0 f b °X 
SnqdtnBS jBAja;m Aq paAvopoj sbav josjnaajd JBjnpaaEj;uT Xoj;sap suoi;BjqiA oraosjadns 
qoiqAi. ;b a;Bi aqx ( 6 ) BuapBq aq; m josjnaajd aSBqd jo aanasajd aq; o; pa;nqu;;E naaq 
snq X;i3BdBo 3tn;naui3nB-a3Bqd siqx 3 o 0 ;aB;noa sa;nmra z Ajuo ja;jB ja;i; AjiApaB 
tn asBaiom pjojua; b aanpojd aSnqd 0 ; pappB uaqAv spaa <{ pa;BAi;aB )( qonq qm/spaa 
01OI X S jo noi;Bj;aaaaoa jbuij b ;b aoi;njos spqooq m popuadsns-ai pan UAvop pa3nj 
-u;uaa naq; ajaAv spaa aqx Jnoq |Bnoi;ippB ub joj panupuoa sbav q 0 j£ ;b uoi;eu33Axo 
aq; pan pappB sbav q;ojq jo amnjoA jnnba ub ann; siq; jo pua aq; ;y q;ojq aq; qSnojq; 
pajqqnq sbav uoSAxa ajnpvv jnoq j joj J a l£ ;b paniB;uiBm sbav ajnpna aqx pn/suasinB3 
-10 6 oi X £ SaruiBjnoa pajndajd sbav uoisnadsns q;ojq v puB noi;rqos s ( aqaoq m aatAv; 
paqsBAv 3J3av jb3e ;uau;nn no oavoi3 taaoaopCqdB;s jo sajnpna qsEp xoop; jnoq gj 
paAo[draa sbav ajnpaaojd SniAVoqoj aq; uoi;bai;dbui josjnaajd a3nqd jo Apn;s aq; joj 

s;unoa a;B{d ifq pamuua;ap 3maq spaa ajqBiA jBnpisaj aq; ‘sjBAja;uT ;b pajdmBS 
pnB pasodxa 3J3 av z l Ijd ;b noi;njos s ( aqoox ni pn/spaa OI oj X s ^pJEnraoiddB 3 n rare; 
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v Smnnnj Xq Apnp paqaaqa sbav ;nd;no X3jana aq; puB Aanaia^a 9m;Bjado s,jo;Bpiaso 
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( 8 ) poqpni X;iaipb aq; Aq [aSBqd] jBnpisaj jo uopBurauapp joj sjBAja;m ;b paAoraaj 
ajaAv sajdniBs puB Jo;Bpiaso aq; jo uotpB aq; o; pasodxa sbav uoqnjos aqx z L p 
noqnjos spqaop ui pn/span 6 oj X I jo Jap; b 0 ; pa;npp sbav pn/s;inn X;iaipb OI oj x I 
SmuiBpoa aSnqd snaaoaojXqdB;s pjBpnB;s uopbaipbot a§Bqd jo a;Bj aq; Xpn;s ox 
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adojs aq; aaaanpin Xjqspapp ;ou pq) samnjoA perns 0 ; papu;sai SoqdniBS ;onbqB ;Bq; 
pnnoj sbav ;j aSnsqo jo sa;BJ aq; papB 0 ; suoippuoa uoqdjosqB X3jaua JapB Xpnaiaipns 
pjnoAi tBua;Bni pasodxa aq; jo auinjoA jb;o; ui noipnpaj ;nanbasuoa q;uv sjBAja;m 
;b sionbqe jo |BAVBjpq;iAv aq; jaqpqxv aninuapp o; panuojjad ajaAv s;uaiuuad\p 
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'q pjnoqs jj (£ Sij[) jCpAtpodsoi sajnmui 0£ P^b sojnuiiu £ 
s uqd Sv\ qjv oiaqj vua^ovq no joojp iBqpj aq; pu-essaaoid uotjuaij 
uoaid aq^ jo sasno aqq up (z §i j[) Ja;p ptnSuo aqq jo puaa jad \ Q 
j paanpaj si aSnqd aq; sajnmrn pi tntpiA*. ‘aAjna uoijomjsap sSnqd 
pouad 3 bj aiq'Bjpsaouiap on si ajaqp ‘Xatianbaaj pnoaas aad sap/o 
j jo saoij’BjqiA OTiios jo uotjob aqj oj pasodxa si uoijnjos aSnqd uaqM 

situs srs TViNanxaTaxa 

aSnqd jo uoqdjos ajqisjaAajji ;uanbasqns q;u\ BuapBq jo 3mqrq aq; o; appquasB 
aq ;q3rtu ;ua;uoa josinoaid ui uoipnpaj ;naiBddB Xub jmp X;qiqissod aq; a;Buuuqa o; 
S3[dniTB OUTES 3t[; UO apBIU OSJB 3J3AY SJCnOD a;Bpj XpAipB aSBqd JOJ paJBJJIJ uoqj 3J3AI 
pnu aStiqd o;m Josinaaid jBnpisaj jo uoisjaAuoa aq; MoqB o; sa;mntu £ joj q 0 £ ;b ;daq 
3J3A1 sam;xiui aqx pu/spun X;iaipb 8 oi X I SniniB;uoa a3uqd jo pa o I papp^ sba\ 
pn/spaa 8 oi X S jo Xpsaap pjuapnq b o; pa;npp ajdtuBS qoua jo ;onbqB pn 0 f v °X 
Strqdirres jBAJa;m Xq paMoqoj sbai josjnaajd JB[nqaaBJ;ui Xoj;sap suopuiqiA oiuosjadns 
qoiqAi ;b 3jbi aqx (6) BuajoBq aq; ui josjnaajd o3uqd jo aauasajd aq; o; pa;nqu;;B uaaq 
sBq X;iDBdBO Sui;uaai3nB-a3Bqd siqx j q q ;b pB;uoa sa;nnnn £ Xjno ja;jB jap; XpAipB 
m asBajaui pjojua; b aanpojd a3uqd o; pappB uaqAi spaa (t pa^ATpB ;J ipng pn/spaa 
oxOI X £ jo noi;Bj;uaanoo poop b ;b uoqnjos spqaoq tn papuadsns-aj puB UA\op paSnj 
-u;naa oaq; aiaA\ spaa aqx Jnoq pjuoqippB ub joj panmjuoa sbai Q 0 i£ ;b uoi;Bua3Xxo 
aq; pxre pappB sbai q;oaq jo auirqoA jBnba ub aim; srq; jo pua aq; ;y qjoaq aq; q3nojq; 
pajqqnq sba\ naSXxo ajrqAV jnoq j joj J a l£ ;b pauiB;oiBin sba\ ojnpna aqx [ui/suisiub3 
-jo e oi X p 3uunB;uoa paJBdajd sba\ uoisnadsns qjojq b puB uoprqos s,aqaoq ui aam; 
paqsBAv 3J3 a\ jb3b ;nau;nu uo ua\oj 3 taaoaojXqdBjs jo sajnpna qsBp xno-p jnoq gj 
paXojdraa sba\ ajnpaaojd 3aiA\opoj aq; aoijBAipBm josjnaajd aSaqd jo Xpn;s aq; joj 

s;nnoa a;B[d Xq pauiuuapp 3maq spaa ajqBiA |Bnpisaj aq; ‘sjBAja;m ;b pajdniBS 
puB pasodxa 3J3 av £ i jjd ;b uoi;njos spqaoq ui pn/spaa 0I oj X S XpjBnnxojddB Suioib; 
-noa suoisnadsns ‘iaaoaojXqdB;s no snoi;BjqiA aq; jo papa Suipiq aq; anrauapp ox 

iaaoaojXqdB;s sno3o]ouioq jo suoi;Bj;naanoa shouba jo 
aanasajd aq; ni aSeqd jo uopBAipBm jo o;bj aq; uo s;narauadxa ;no paujua aABq 3 av auopj 
aSnqd uo suoqBjqiA aq; jo papa aq; SuunsBaui sapisag ;uauiuadxa uoi;bai;obui aSnqd 
b Sutuunj Xq Xpnp paqaaqa sba\ ;nd;no X3jaua aq; puB Xauaiatpa 3ni;Bjado s ( Jo;upiaso 
aq; jo ajnsBain b sb XpjopBjsi;Bs aAJas o; punoj sba\ uoi;baipbui aSnqd jo a;BJ aqx 
(g) poqpm X;iAipB aq; Xq [aSnqd] jBnpisaj jo uoi;Buiuua;ap joj sjBAjajur ;b paAouiaj 
ajaAi sajdtuBS puB jojBjpaso aq; jo uoipn aq; o; pasodxa sbai uoipqos aqx Z L jo 
uoqnjos s ( aqaop ui pu/s;inn e oj X j jo jap; b o; pa;npp sba\ pu/s;iun X;iaipb OI oi X I 
3muiB;uoa aSuqd snaaoao{XqdB;s pjBpunp uoi;baipbui aSBqd jo apu aq; Xpn;s ox 

spouad 

aun; snouBA joj samn{OA {Baquapi aAissaaans Suisodxa jo poqjaui auiosjaquina ajoin 
aq; UBqj jaq;BJ qjOAi jno ;noq3nojq; paXo[duia sba\ ajnpaaojd SoqduiBS siq; aauamaAuoa 
pun Xpunojtun jo aqns aq; jog uoijbatpbui aSnqd jo uoipru;sap jpa joj saAjna aq; jo 
adojs aq; aauanpui Xjqnpapp ;ou pip saiunjoA puuis o; papu;saj 3ui{dmBS ;onbipj ;nq; 
punoj sbav ;j aSuuqa jo sa;Bj aip papu o; suoippuoa uondjosqu XSjaua jo;jb Xpuaiagjns 
pjnoAi [BuajBux pasodxa aq; jo aiunjoA jb;o; ui uoipnpaj ;uanbasuoa q;u\ sjBAja;ui 
;b sjonbqu jo jBMBjpq;iA\ aq; jaqpqAi auiuijopp o; pauuojjad ajaAi s;uamuadxg; 
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qnjssaaanstm sjsm saoqBrqtA araos oj sqao atp Stnsodxa Xq 
taaoaojXqdBjs pajBAtpB raorj TOsmaaTd aSoqd parpre <n sjdtuaqy j, 

-pajBAqaBot Xprqoa 6t TOsmaaTd atp jap-c 
pan uaqanpar oa satotjs (jimoa ajBjd) sjjao jo jaqama aqj, sajnatta qj 
Tnoqs m sauruii araos Xq paXoqsap si spaa jpjnAqoB at Tosrnoaid aSnqd jo 
arajs aqx Tosmaard aSaqd TspajjaaBrjat jo satrasaid atp oj pajnqujjB 
uaaq sbtj pajja siqx aSsqd oj papps uaqAT [aSsqd] tn asBaratn paqrem 
pan pidBT Xjoa b Soranpm jo XjDBdBa op aABq Xjibtotou tptAorS pidnj 
jo asnqd Kraaianjaid b iqre ajBjs Saqsoj a patirajjB a-vsq jBtp sjp^ p 
•saoqBquaaada TaiAOj op tretp aoqatujsap 
aSsqd jjqnjar XjaAtpajja arora Buajimq jo saoqnrjuaanoa TaqStq pjTanaS nj 
pqou si XjtAqaB jo ssoj Tarqmj on qanjAT tbjjb TTBajBjd B sarpnai aoos jnq 
auo[B aSsqd toj JBtp smojjoj naoaoiXqdsjs sno3ojOTnoq jo aaqasaid atp oi 
aaBjd Sucprj aoqBAqaBot aSsqd joj 5.uro aqx TOjBratraS atp jo uoqBrada 
Satrap jndjno XSiana jo amsBara XrojaBjsqBS b sb s oaths pure atop tpm 
X[jB3raiq}UB2o[ spaaoord saABAt oraos Xq ttotjBAqaBtii aSaqd jo ajBi aqx Z 
sadXj joqjca in trap) spmajBtn jsaj jo amsodra juatuaAaoa ojoto 
pun ad pira Xaoataqja SaqBrado oj ajnqtrjaoo saotjBAOtrat ptinjanqs urejra^ 
•paquosap sj Xauanbaij paooas jad sapXa 00E'6 J° saoqBrqtA oraos Satanp 
-ord jndjno sjtbm. ojj jo tojbjjtoso natpiTjs-ojauSBai aqnj jsopra y j 
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•saoqBqaaoaoo aioj XraA anqj uoqaajoid 
arooi oa boats ‘ jot/spao ,oi X 1 'pastt BuajoBq jo aoqBjqaaaaoa isaqSiq atp 
uosbot panrBjdxaun araos toj jnq papa aAqaajord rajoarS b lajaoo Btraj 
-oaq jo saoijBTjtraanoo raqSrq jBTaoaS nj qt punoTB Tnsrqdojojd jmjajoBq 
jo aumjoA aSraj XjaAqBjar atp Xq papajoid sr uoqanrj aSsqd TBprjjaaBjjni 
aqj pun aSaqd aqj jo jsom dn srqrij stosniBSTo aqx aouBjsqns jjao jbooo: 
-ojXqdojB arp Xq XSraaa jo norjdjosqB nodn spuadap XjqBqord nopBAijoBTr 
araos jo notjrqtqm aqj Toswaard jo asna aqj nr sy uuoj aAijaa m jj^ 
st aSaqd jboiSuo aqj jo juaa aad jo 0 ■^I n0 P OT Bajnurai z\ J0 J saaaqaoa uoq 
BAqaBai aqj [in/BuajaBq iOJ X 1 pnu tOI X 1 qi^At ‘Xpuaogja SB aSnqd aqi 
jaajojd jon op sjBuajasq] tbaiox jqq pratSuo arp jo juaa jad 9 jnoqa s 
SujuTBTnar [a8Bqd] atp ptre ainsodxa jo sajntnm 5 oj jajjB sTn8aq naajBjc 
aip pn/.OI X J JO jra/.oj X S }° B,[BuajaBq] tpt^v maao oq BinaddT 
aSBqd jo uotpnrjsap jarpraj oa qaiqM paoXaq patpoai aoos ora saBajojc 
jnq aaop: agsqd toj jorp ipui Xnapiot sapiauioa aopBAqaaoi jo ajBT aqi 
soistubSjo snoSojoraoq jo aauasaid aqj m suoqnjqtA araos oj pasodxa sr aSoqc 
aaqj\i saotjaBai aAqatujsap atp toj sjaataarmbai XSTaaa or hopbub/ 
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apureAaTiiaj saanpai iou pa} apissnid 
-oipa b saAiS laqpau uramqps aq} uoipnai aq} ia}JV apnojqo ounoiaui 
tpiM pnai ‘sdnoiS HS -^qi 0 nqq ‘uramqjB §§3 pamjBuap jo sdnoiS HS L 

apnxeAamaj aanpai }i saop iou ‘}S3} 
apissnidoipu b saAiS laSuoy on f pa}B9i} os 'urumqjB 33g; apiurepaBopoi 
ptre appanopot qjiAi joboi uitrmqjB 88a painjBuap jo sdnojS jjg ^qL 9 
f t apnxB^aujaj qjiAi. pajanai AysnotAaid jou pBq }t jt paanpai 9ABq 

ppioAi }t Ajqtrenb aq} jo juaa lad g\ saanpaj }j apuojqaoipAq ampuren3 
jo aauasaid ur apiuBAamaj saanpai ‘o l °? }q3noiq ‘tnxunqjB srqx 
paAiasqo st uotpBai lojoa }qSqs b apuoppoipAq ampurenS jo aauasaid 
m apissnidoi}iu qjiAi pajsaj si imunqjB aqj puB paAotnai si apiuBAaijuaj ssaaxa 
aq} uaqAi Aiojq paanpai si apnreXotiiaj ssaj }uaa lad JZ ‘ff V s innmqpB 
oj pappu si apuojqaoipAq amprannS uaq^ paAoraai si apiuBAatuaj ssaaxa 
aqj uaqAi. paAiasqo uoqaBai apissmdoijiu b si asBa ou ui ptre paanpai aiB 
apiuBAamaj jo saijijcrenb aures aq; Ajasiaaid 8 i °? 8 S' tuoij aSuBi jjd aq} 
in suoijnjos uiumqjB 88a o} pappB si apuojqaoipAq auipraunS uaq^v £ 
paAiasqo si aptuBAauiajqpAi uoijob Suianpai iou jsaj apissmdoijiu b laqjiajq 
apuojqaoipAq auipurenS qji/A pajBaij a\ou si uiumqjB aqx apissmdoijiu 
qjiAi jsa} b S3ai 8 ia3uoy ou uiumqjB aqx paAouiai sx apruBAauiaj ssaaxa 
aqj ptre apiunAauiaj tjjiai pazquxo si Bain Aq painjBuap ununqjB 88gj f 

apiuBXamaj saanpai osjb pire aptssnidoijtu qjiAv uoipuai 
iojoa b saAiS Avon uuunqjB aqx uiumqjB aqj o; pappn uaqj si apuojqa 
-oip^q ampiuBnf) apissnidoijTnqjiM jsaj b soaiS jaSuoj ou uiinnq{B aqx 
papua aq oj siBaddB uorjaBai aqj uaqAv Abavb paqsBAV si apiuBAamaj ssaaxa 
aqj puB apiuBXauiaj qjiA\ pajBaij si uinmqjB 33a pajBjnSBoa ;bojj £ 

paj apissnidoijm b soaiS ia3noj ou 
uiumqjB aqj papjduioa si apiuBXamaj qjm uoipuai aqj lajjy apiuBXamaj 
saanpai osjb pire jsaj apissmdoipu b soai3 71 ‘juaSB iaqjo Aub 10 ‘jouodnd 
‘apuopjaoipAq auiptuBnS 'Bam Aq pamjBuap si ummqjB 33a uaq^ z 

spiuBAauiaj aanpai ji saop iou 

‘apissnidoipu qjm. jsaj iojoa b oaiS jou saop uiumqjB 33a aAijBj^r j 

pajia aq Abcu uoijBjanoa siqj jo sajduiBxa jo laquinu y 
apissnidoijiu qjiAi. lojoa b 3 aiS oj sjibj p apiunAaniaj aanpai jou saop ji 
uaqAi pus 'apissmdoijiu qjiAv iojoo b saAiS p umipaui jBijnau ui apiunAamaj 
saanpai trtumqjB SSa uaq^ suotpBai oavj asaqj uaaAvjaq uoijBjaaioa 
asop b SAvoqs apiuBAamaj qji/A uoipnai Suianpai aqj pun apissmdoipu 
qjuv mxunqjB 33a jo uoipnai lojoa aqj jo suoippuoa juaiappp AuBui\iapun 
nosriBdnioa papnjap y apiuBAauiaj unqj laqjo juaSBai aiuos q;iA\ pnai 
;qSnn qaiqM puB jsaj apissmdoijiu b oaiS jou op qarqAv sdnoiS jjg aiB 
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Hb J° i 'l naaiiqaq uotqupuoa aqx noiqnjos m qp] si uraqoid ojq 
(nrumqiB 88a aAiqtm aqnqidiaajd oj papaan si miqq ssaj qanm) ’OS'CHN) 
paqoinqns jo atmqoA aqq jo jaqjsnb ano StnppB pas ‘lf<n “HI SatqsnfpB 
‘jajBAi qqui noqnjos asm aqq 2uqnpp Xq aaoqs aq obd sitjx pamqBnap 
si aramq[o aqq jo ps sajnarai OE mqqtM pan 'saqnimn op Xpio joj Stnpmris 
Jaqjs saop ii asqq apmcXauiaj ajom on saonpai nramqpi aqq saqmnm 09 joj 
8mpireqs jaqjy noiqnjos atnmq(B jo -33 j qosa oj pappo si sam jo nrej3 
j sdnojS jjg jo jaqomn nmnnxmn aqq aqnjaqq ox ssaaoid onres aqq 
jo sqind puSaqai are maqojd ajqnjosui jo aoqmmoj pirc sdnojS JJS J° noq 
-waqq qsqq X[JBap Aioqs snoqnjos Bare m nramqpi 28a no sqnaamadrsj 

aiqiqosm aq oq pimoj si maqojd aqq 
laitui qqm paqnqp so paAOroaj are sqtraSii SaunqBnap asaqq naq« qnq ‘[oaod 
-uq no ‘opuoppojpEq aaiprasnS ‘Bam jo aanasaid aqq at qaiod auqaaposi 
aqq jb aiqnjos si qj paniqsoap si apnreXaujaj saanpaj qaiqM ‘[onodng jo 
‘ apuoppojpXq auiptosnS ‘Bajn ni mumqp? 82 a aqx ajqnjos si mnmqpj 38 a 
aAtqtia qojqni ui umipatn b — 1 q jjd ‘qmod ajjqaajaost aqq qn najua m a]qri]Osin 
st qsaq Xq pajnjBnap anunqjB 883 'aAiqmi jpqs ajiqsi ajqnjos st qt tpiq/i 
m ranipam n ni ajqnjosui si qi traqM pajnjBnap aq oq pres si maqoid y 

utnfi>tn)Dwa 

paAOtuaj Xjqnanbasqns si maqoid 
aqq naqn paiaAooat Xpqajdmoa si maqoid Suiaouioj aiojaq papps apimjXa 
-oiiaj qnqq ponoj si qi joj ‘qsoj sj anon ‘qouj m ‘ptrv apiireXaoiiaj 8uiqmn 
iqsa aiojaq paAourai si maqojd aqq tpiqii m sasBa asoqq m qsoj si apnreXa 
luaj ptre maqojd tiaaiiqaq uotqasai aqq m pamjoj apratiXaoiiaj aqq jo anon 
qnqq UMoqs aq oq smBinai qp -sdnojS jjs Smqreai jo jaqumn aqq jo ajnssam 
n sb naqsq aq ubo paraioj apinsXaouaj jo Xqijinmb aqq notqnAjasai siqq 
qqij\q -sdnojS JJS J° ^lAtpa jo aSunj aqq qqut quaqra qq 9 qs b oq dnjjaAO 
Xsra sdnojS Snonpaj jaqqo jo aSnsj aAiqacai aqq maqojd n oj nniipam 
jBjqnau m apiuBXaujaj qqiAi qosai qnqq maqojd b m sdnojS gg non Maj b bjb 
ajaqq qnqq aqqissod st qt qng; qsaq apresiudpjqra B 2 niAi 3 sdnojS HS IT® H? 111 
sjasaj Xpireqjaa appreXaunaq papnpxa Xjapjduitu naaq qon snq sdnojS qans 
jo aanaqsa-a aqq qsqq (jazmSoaaj aq pqnoqs qi qaX pay •umipara (Biqtian 
m apnrnXoujaj aanpaj ospe tpiqii pus apuopp aunajain pirn aqBqaauopoi 
qqm amqmoa tpiqii mnmqfB 88a m jXipXqjpis ireqq jaqqo sdnoi8 Xno ajB 
ajaqq qBqq ‘qsaq aptssrudojqra aqq raojj qindn aqmb ‘Xiaqppm osjb si qj umip 
am nuqnau v m apnreXapuaj aanpaj tpiqii jjs °1 noqqpB m mumqiB 88a 
m sdnoi8 jaqqo Xob are ajaqq qBqq Xjaqqun qi saipini aptnBXaujaj aanpaj oq 
Xanapnaq aqq pire qsaq apissiudojqtn aqq naaaqaq norjBiajjco asop aqx 
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sjqnnpoidai sjb sjpissi gqx 3 ut3JsXd jo 3SBju9Di9d sb passaidxg XjSut 
-pjoDDB sib put; ‘gnigjsXD jo jjBd 9q oj pgjgpisuoD ojb uruxnqj'B 83o jo sdnoiS 
jjg sqj ‘suisjsXd si sdnojg jjg 9 ABq oj uAioaq piDB outtub Xpio 3qj 99tng 
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uiumqjB 22a jo 

Xjqiqtqos gqj sjsjjb ‘surpiuBtiS puB bsju sb p3Ai sb ‘|ouodn(j JBqj SuijBDiptn 
‘uoijnjos ui ui9joid gqj pB 3jBjidiD9id oj soDipns stqx ojBjpis umraounnB 
pgjBjnjBS jo aampA sji oi/l pspp^ si sjBsXpip iB9p 9qj ox sjqissod 
sb puodnQ; qonni sb 9aoui3i oj suiij Suoj b joj ibjbay jsuibSb p9zXjBtp si 
jouodnQ; m utumqjB jo uoijrqos 9qx tnumqjB jo Xjqiqrqos p9J3jjB 9qj 
3JBJJSU0ttI3p OJ p3AY0p0J SI 9JTip330ld JU9J9JJTp B |OUOdn(J qjm sjusumod 
-X3 nj B3in qjm sjnsumsdxs gqj ui sb jouubui 9raBS oqj ni pgjsgj traqM 
‘Xjqiqtqos sji sosoj uramqjB 9q; jo pB sdnoiS JJS J° Jraqunui umnnxBm oqj 
3jBJ3qq oj urumqjB 22a oj psppB si gpuoppoipXq 9urpiUBnS qSnouo uoipw. 

sssDOjd 3non-jo-pB ub osjb si ‘saodBd joqjo 
m uAioqs 3q pm ji ‘sjuoSb jsqjo sinos Xq mtunqjB 339 jo uoijBjnjBU3(j 
pgutjBugp jo 9Ai;bu J3q;i9 si utsjoid jo gpiDojoui U9ai8 y sssoojd sno 
-nurjuoDsip b si B3in Xq urainqjB 889 jo uoijBjnjBU9(q pojBJoqq sdnoa3 jjg 
sji jo 3Q0U SBq gjqrqos si pqs jBqj xrnimqjB SBSJoqAi ‘psjBJoqq sdnoi3 jjg sji 
jo pB SBq (saoijipuoo pstqpp Xpesp hibjj99 J9pun pgjsoj uoqAi.) ajqnjosm 
S3mo93q qoiqAY gpiuBXDTijgj puB B3m m uraxnqjB 32a jo uoijdbjj jBqx 
spitreXomaj pus bsjii qjm pajB3ij XjsnotADid jou muinqjB 33o m sb sdnojS 
jo jgquimi 9uibs 9qj si 3J3qj urajoxd jo raBjStpira jod jBqj SAioqs jouoditQ; 
jo uoijippB Xq uoijBjnjBusp jsjjb uoijdbjj gjqnjos 3qj jo uiumqjB oqj m 
sdnoi3 jjg jo J3qumu sqj jo uoijBinqsg poAiosqo si uoijdboj opissnjdojjiu 
3sa3jui ub gpuoppoipXq 3uipiuBnS SuippB Xq pginjBuop si urcanqjB stqj p 
‘sdnojS jjs suibjuod pijs uoijobjj ajqnjos 9qx gpuoppoipXq 9mptuBn3 

JO 3DU3S9jd UI U3A3 3piSSnidojJIU qjm U0IJDB9J B 9Al3 JOU S90p UOIJDBJJ 

siqj ‘sdnojS jjg ojoui ou sjb sjoqj uoijdbjj sjqrqosui 9qj uj gpiuuXD 
-UJ3J JO 33 JJ poqSBAi 3JB qjoq puB J9qj0 qDB3 UIOJJ p9JBJBd9S 9JB SU01JDBJJ 
3jqnpsui puB 9[qnjos 3qx ajqnjos suibcudj 9uios jBqj jnq ‘gjqnjosui si 
tnumqjB gqj jo jjBd jBqj Aioqs ( f OS !: ( , 'HN) psj^JnjBs puB ‘jgjjnq 9 JBJ 9 DB 
L f H°f < -f9J'BAY 3utppB Xq 9pBtu) uiumqjB 32a gjqnjosui jo 9DU9S9jd joj sjsbx 
pgqDBSJ ST JUI0d-pU9 OU 9pTUBX3IJJ9J puB B9JII UI SJUOq £ J9JJB U9A9 JBqj OS 
p9JBJ3qq 3JB sdnojS 9J0tU puB 9J0UI 9UIIJ SuiDUBApB qjm JBqj purtoj SI JI ‘B9JU 
SuippB J3JJB 9UUJ jo spAjgjm jtrajgprp jb p9jBuujs9 si pgjBjgqq sdnojS Jig 
JO jgqumu gqj jj sdnoj3 HS 9l R sj^sqq oj pgppu si B9jn jugiDtpnsui 
usqAi jugjBddB 9 joiu s3uioD9q uiojojd gjqrqosui jo uoijbuijoj puB sdnojS 
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0 -*».u uorpaai *e auS o; ejtcj nrnmqfB arp ‘Xbasu paqsuM. uaaq aA-eq 
apnreXauJaj pirc -cam axp aajjy apitreXapjaj Xq paziprxo si "Bam xq uramqpi 
SSg; savotjs itiauruadxa 2amoqoj sip so ‘win Xq paveiaqq }ou sdnoi3 
HS Am 3;Bi3qq } 0 u op pmodnQ; pire apuoppoipXq a uqnum iQ anres aip 
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jtqiqxa jou pjnoM Xaqj jBqj asBa Xue m urejiaa si jj ajBjsSonjoqdsoqd 
jo amjsXo qjtM. jjb je Jon pire apnreXamaj ipm Xpvwqs XiaA ja^ai 'i3AO 
- 9 I 0 UI ‘pirs ox jjd jb jjaj aauasaid naqj aqBin oj ut3aq X^uo ‘jno jmod uostry 
pire Xqsirpj sb 'sjeaipei auBqdojdXij poB atnsoiXj Soiajoaui 'sdnoiS tpng 
majoid aqj m sdnoiS Smanpai jo sadXj laqjo qjiAi joboi pjnoAi (nipnuXqd 
-iod) aXp aqj JBqj ajqeqoid XjpiBq,, paraaas ji majsnaaif) °x (fZ 'll) 
spoqjam laqjo Xq pauiBjqo sjjnsai qjiAi jnatnaaiSe in aiaA\ Xaqj asnBaaq 
nramqp 33a pajejnSeoa jeaq no sjjnsai iraqj m aauappuoa 3mos psonjd 
Xaqx lamretn jnjaiBo XqBtaadsa ire m pnB O o jb nopoBai sip jno pamea 
XjStnp.ioaoB Xaqx (tl) sdnoiS jjg tnsjo-id StnjBijij joj tnptniXqdiod 
pasn jsig oqM aqanusad pire nqn^; Xq pazruSoaai sbm. Xjqiqissod srqx 
majoid pamjBuap v m jjg treqj laqjo sdnoiS Smanpai qjiM jaeai Xem 
uiptrtiXqdiod ‘poqjatn m jaajap b oj anp aq oj sura as sdnoiS jjS 111 sonaiajjtp 
juaredde siqx sdnojS jjg jo sjaqnmn juaiajjrp ajBiaqq ‘apuoppoipXq amp 
-nrenS pne Bam sb rpns ‘sjnaSB SmmjBuap juaiajjrp jBqj si ‘majsnaaiQ Xq 
pazisBqdnra uaaq snq jtnod srqj pire ‘suoijbijij mpnuXqdjod aqj tn jUBarjtuSts 
XqBiaadsa sraaas jnq^\ anjBA jaqSiq ipnin B saAiS uoijbijtj mpinjXqdjod 
nmipain srqj ui ‘aai3B jou op spoqjaui omj sip apuoppoipXq atnpnrenS 
up juaraaaiSB pooS in sjb B3in tn imunq|B jo sdnoiS jjg aip joj spoqjam 
apmeXotiiaj pun utpnuXqdjod aqj Xq uaAtS sjjnsai aqx juaa jad gg l 
spuojqaojpXq ampinenS in uimnqjn joj pne JJS J n33 isd QO I pstnejqo 
aq B3Jn m uramqje 33a joj (g) jnaSe Smzrpixo pnjiaA\od b ‘inptniXqdjod 
qjiAi rnaqj SmjBjjp Xq sdnojS jjg pajBunjsa majsnasjQ poqjain juajajjip 
Xpnjna ne— apniBXoijjaj qjiAv nopoBSJ sqj Xq panrejqo jjhssj aqj imp 
J3AVOJ JH33 jad OT jnoqn si siqx Bain Xq pajnjBnap inmnqpe 33a in juaa jad 
12 0 P^moj 3jq (zz) ajBjaaBopoi qjm nopaBSJ Jiaqj jo stream Xq sdnoi3 
ng p3jBtmjsa jauso'jj apuopjaojpXq ampurenS pun bsju Xq pamjBuap 
mnmqjB 33a jo sdnoiS jjg aqj jo snopBSpsaAtn jBiaAas naaq aABq aiaqx 

sdnoiS jpg jo 

jaqnmn aniBs aqj niBjnoa oj pimoj aiaAi. jouodng; Xq painjBuap uaipv mranqjB 
jo snoijBJBdaid aanp qy pajaajap aq ppoa imnnq{B 33a jdaaxa ajiqAV 
S3a jo juanjpsuoa majoid Xhb jo XjpuBnb a^qBioaiddB ojq; qjioAvsSnox 
id Xq snqasrx jo snjBJBddB sisaioqdojjaap aqj ui pajBSpsaAtn sbav jjj 
uoijBJBdaix poqjara s,bso^[ eq Xq (j ajqBX P jjj laqnmu noijBJBdaid) 
laqjo aqj pne (£j) ubotibq pire qomqa^; jo poqjam aqj Xq apBra sbai. (j ajqex 
jo n Jsquinu iioijBJBdaid) ano snoijBJBdajd asaqj jq pamjBuap uaqAV 
sdnoiS jjg jo laqumn anies aqj tnBjnoa unxmqjB SSa jo sajdmns juaiapip 
jaqjaqAv uiBaj oj apBin aiaA\ snoijBJBdaid jaqjo oaix pasn sbm uoijBJBdaid 
a[3ms b sjnarauadxa aqj jo jsora joj jadBd siqj ui paquasap sjnarauadxa 
aqj m pasn aia/A uiuniqjB SSa amqBjsXio jo suoijBJBdajd juaiaqrp aaiqx 
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r (9) po« pmoa <Cq paoopoob oaaq 

► ipu\ tfflqwti Aq ttnajoid nt inoqBmpB jjs p X^ipipA aq£ , 

, jStnpS gtnaq'i u tpi qg ^ m? m pjtrwjCmn/raTupji a 111 qa°o 11111 l*oos sbai 
‘ najaipXxo manpojqx ra Sansg^ Jajuqnaa a] nunany xprt jwbj pccwXqdioj jqq„ t 

•[OUodnQ 

jo ‘apuoppoipAq aoiproBriS *B 3 Jn Xq panqBirap jnamqjB 83 a m joosojd 
et sdnoj 2 jjg aAqoB jo jaqamo onres oqj JBqj ootsnpooo oqj osjb qua sb 
‘ imp omoooq naqj qui noqBSqsoAui jnasoid oqj u] apstn sjnoinainsBoin aqj 
jo oouBOtpnSts aqx Jodod loqjonB in paquosap aq qui pire Jno pa urn 
trooq XpttOJjB 3 ABq snoqBSqsoAirt qong oiajojd aqj jnoqB uoqauxjojin jo 
spnnj jatjjo qjm patnqmoo aq jsnm sdnoiS jjg J° sjnaniajnsBani ‘pajrqBB 
-op n ji notjAi oncmqjB 32 o m iBoddo sdnoiS j jg oAqoo Xq& imqdio ox 

(j) jouodnQ pop opuoiqooipXq 
ampumnS Aq pomjBirap unrmqjB 88a m joosoid (jnao jad j j jo jbojboo 
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